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ABSTRACT 

 

This thesis presents a novel approach for preparing electrodes for hydrogen evolution 

reaction. A new approach where the electrolysis cathodes are 3D-printed and coated for 

alkaline water electrolysis. Copper, iron, and molybdenum are considered with nickel as 

coatings using electrodeposition. The results are obtained from electrochemical 

measurements and hydrogen production testing. The electrochemical activity of the 

electrodes is improved with the addition of catalysts. Higher current densities are obtained 

at the same potential for electrodes with more metal deposition of the same coating metal. 

Relatively low overpotentials of 270 mV and 275 mV are obtained at 10 mA/cm2 current 

density for nickel-iron and nickel-copper coated 3D-printed electrodes respectively. A new 

flow-through electrode design introduced showed to have 70% higher efficiency than the 

coated 3D-printed electrode of the conventional design. 3D printing provides a safe design 

place for exploring unconventional electrode designs for improving electrolysis 

performance and efficiency.  

 

Keywords: Hydrogen production; electrolysis; cathodes; current density; energy; 

efficiency   
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1. CHAPTER 1: INTRODUCTION 

In Paris, at the COP 21 the United Nations climate change conference, it was agreed that 

urgent and stronger climate change actions are required to achieve the goals of the Paris 

Agreement adopted on December 12, 2015 [1]. To reach Zero-carbon emissions by 2050, 

everyone, including government officials, businesses, and individuals, have a role to play. 

There has been a rapid increase in the usage of fossil fuels. In 2022, global carbon 

emissions from combustion, and industrial processes grew by 0.9% (321 Mt to 36.8 Gt) 

alone [2]. There is an immediate need for new environmentally friendly fuels for replacing 

fossil fuels.  

1.1 Current State of Energy and Shift Towards Renewable and Clean Energy  

The usage of fossil fuels has risen since the 18th century when industrial revolution started. 

For decades, the share of fossil fuels in the energy sector has been 80%, and by 2030 it is 

only projected to decrease by 5% to a share of 75%. A rise of approximately 2.5 C in 

global average temperatures is expected [3]. Although the projected outcome is better than 

expected a few years ago, there is still a need for drastic changes in the energy sector to 

avoid extreme impacts on climate conditions.  

Government officials and businesses play a crucial role in the Zero-carbon emissions 

matrix. Officials need to implement strict policies that will help fight climate change. More 

investments are needed in renewable energy and clean sources-related projects to shift 

away from fossil fuels. Figure 1.1 shows the investments in 2021 for fossil fuels versus 

clean energy, and the investments that are required by 2030 for the net zero scenario. The 

investments for clean energy are expected to reach above 2 trillion USD by 2030, however, 

they would need to be above 4 trillion USD for net zero emissions [3]. Strategies to attract 

new investors toward clean energy projects are needed to obtain significant results.  
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Figure 1.1 Investments in Energy Sector to Reach Net-Zero Emissions 2021 - 2030 (data 

from [3]) 

A combination of different clean energy approaches is required to meet climate change 

initiatives. To stay on the path to net zero carbon emissions, the development of clean 

energy technologies such as renewables, and electric vehicles is required. International 

Energy Agency provides a road map in the energy industry to reach net zero emissions by 

2050 in the energy sector [4]. The majority of the reductions in CO2 emissions by 2030 

will be due to the technologies already available. More than half the reductions in carbon 

emissions projected by 2050 will need to be a result of new innovations, the majority of 

which are still in the prototype phase. There needs to be a huge decline in the usage of 

fossil fuels (coal, oil, gas, etc.), which means stopping sales of cars that require internal 

combustion engines. For the net zero scenario, there needs to be net zero emissions from 

electricity by 2040 on a global level. To do so, there needs to be an increase in battery 

storage capacities, more clean energy sources, and hydrogen production technologies. By 

2045, the majority of the vehicles will be electrical, or fuel cell based [4]. Figure 1.2 shows 

the contribution of various technological avenues that will be needed to reduce carbon 

emissions by 2050. The majority of the contributions will come from advances in energy 

efficiency and more renewable energy projects. Electrification and hydrogen will also play 

a crucial role in reducing carbon emissions. The other 20% technological avenues 

contribution is from CO2 removals and capture. A total of 36.9 GT in CO2 emissions is 

expected from the avenues shown in Figure 1.2 [5].  
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Figure 1.2 Factors for reducing emissions by 2050 (data from [5]) 

 

1.2 Significance of Hydrogen as an Energy Fuel  

Recently, hydrogen has been emerging as a popular clean fuel. Hydrogen can be produced 

from many sources and produces zero emissions when used as a fuel. Initially, hydrogen 

was used as a rocket fuel, the National Aeronautics and Space Administration (NASA) 

started using liquid hydrogen in the 1950s [6]. Today, hydrogen has become in demand as 

an energy source for many applications. Many of its uses include industrial processes, 

power generation, and transport. Currently, hydrogen is most used in industrial processes 

for methanol, ammonia, steel production, and oil refining [7]. In addition, hydrogen can 

also be burned directly and used as a fuel source to produce electricity in power plants. 

Fuel cells are another application where hydrogen and oxygen atoms are combined to 

produce electricity which can be used to power vehicles. Alternatively, hydrogen can also 

be used with internal combustion engines, however, this approach results in nitrogen oxide 

emissions and has lower efficiency than using fuel cells [6]. Hydrogen can be critical for 

tackling climate goals. It has many advantages, it has the potential to store, produce and 

move energy [7].   

10%

20%

25%

25%
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1.3 Hydrogen Production Methods  

Hydrogen can be produced using various sources and utilized in many industries. Hydrogen 

production can be categorized by different colors depending on the source used, which 

involves green, blue, and grey hydrogen, and various others. Figure 1.3 shows the different 

hydrogen production approaches and the uses of hydrogen. Grey hydrogen production is 

one of the most common routes used today. It is produced from coal, natural gas, or 

biomethane using a process called steam reforming. In this process, natural gas and hot 

water are combined to produce steam from which hydrogen is one of the outputs. However, 

carbon dioxide is also produced as one of the bioproducts, which is not captured. Blue 

hydrogen is produced from sources including natural gas, biomethane, and also biomass 

using steam reforming. It is like grey hydrogen production, except that carbon capture and 

storage as required to capture the carbon dioxide [8]. For green hydrogen production, 

electricity produced from renewable sources can be used to split water using an electrolysis. 

From this approach oxygen and hydrogen are produced electrochemically. The hydrogen 

is stored and then utilized as a clean energy fuel. 

 

Figure 1.3 Hydrogen Production Paths (adapted from [9]) 
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1.4 Electrolysis Types 

There are many commercially available electrolysers that can be used to produce hydrogen. 

The major types of electrolysers include alkaline electrolysis, polymer electrolyte 

membrane (PEM) electrolysis, and solid oxide electrolysis. The main differentiation 

between the electrolysers is the type of electrolyte they use. For alkaline based 

electrolysers, a liquid alkaline solution of potassium hydroxide (KOH) or sodium 

hydroxide (NaOH) is used as the electrolyte to produce  𝑂𝐻− ions from the cathode to 

anode. PEM electrolysers consist of a solid plastic-based membrane electrolyte which is 

used to promote the electrochemical reaction to produce oxygen at the anode and hydrogen 

at the cathode. Solid oxide electrolysers involve a solid ceramic material that is used to 

conduct oxygen ions as an electrolyte. However, solid oxide electrolysers must operate at 

high temperatures between 700 C to 800 C [10]. Alkaline electrolysers are generally 

cheaper compared to the other types whereas PEM electrolysers are more expensive and 

have larger capacities. In general, the reaction in water electrolysis can be categorized by 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). Water is 

oxidized at the anode to produce oxygen for OER and reduced at the cathode to produce 

hydrogen. The anode of the electrolysis is generally associated with OER and the cathode 

with HER.  

1.5 Electrolysis Materials and Manufacturing  

Some of the manufacturers in the global top 20 hydrogen electrolyser manufacturers (2023) 

include Bloom Energy, Cummins Inc, Green Hydrogen Systems, Nel ASA, and Siemens 

[11]. One of the challenges surrounding the energy industry is hydrogen production and 

availability at large scale to meet low carbon initiatives. Alkaline electrolysers consist of 

two electrodes, which is separated by a diaphragm. PEM electrolysers have a polymeric 

membrane between the electrodes responsible for conducting H+. Regardless of the 

different types, and the different components involved, the manufacturing for all 

electrolysers is relatively similar. Electrolysers can be composed of multiple cells known 

as stacks connected in series to increase their capacity. Each cell consists of two electrodes, 

one of which is the anode and the other which is the cathode.  A membrane or a diaphragm 

is added depending on the type. There are also other components involved such as bipolar 
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plates which provide support and circulate the flow. In addition, there are also porous layers 

involved which separate and allow the oxygen and hydrogen gases to flow [12]. The 

electrolysis itself requires some cooling devices, electricity, and water which are installed 

at the end. A key component in the electrolysis configuration is the electrode. Nickel is 

commonly used for electrodes in alkaline electrolysis. Even for some traditional electrodes, 

researchers have always explored the possibility of applying metallic coatings mainly 

nickel-based alloys, which have the potential for improving catalytic activity [13].  

1.6 Additive Manufacturing and 3D Printing Technologies 

 3D printing is an additive manufacturing technique that has become a popular approach in 

recent years for fabricating a variety of objects and geometries. The technique involves 

using a computer to create three-dimensional (3D) parts by depositing materials layer by 

layer. The technology was first developed in 1986 by Charles Hull, in a process called 

stereolithography (SLA) [14].  Since then, the technology has come along with other 

technological developments including powder bed fusion, and inkjet printing, that all 

contribute to additive manufacturing. There are many benefits to additive manufacturing 

technologies. Using 3D printing technologies allows for more flexibility and freedom to 

create any part which is less costly to produce with this technology. In addition, the typical 

manufacturing process involves using molds, and complex operations to produce a specific 

object which are eliminated with 3D printing. Additive manufacturing can drastically save 

time and simplify the process. When a part is required to maintain a certain operation, parts 

can be produced on demand. A titanium bracket produced by Airbus using additive 

manufacturing is 30% lighter and does not compromise performance and durability 

compared to the conventionally manufactured titanium bracket [15]. 

1.7 Motivation  

Electrolysers are an important part of green hydrogen production. Hydrogen can be 

produced using excess power generated from renewable energy sources. For some years, 

electrolysis capacity has been growing at a promising rate. Installation of prospect projects 

can grow the installed electrolyser capacity from 134 to 240 GW, which is twice from 

expected two years ago. However, still, a significant expedition in work is required to reach 

net zero goals. To align with current goals capacity needs to be above 700 GW [16]. 
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Water electrolysis are a proposed technology for producing hydrogen, however, 

approximately only 4% of hydrogen is currently produced using this method. One of the 

challenges in implementing this technology is the cost of manufacturing, with electrodes 

being one of the most expensive components in the assembly. Newly emerging technology 

such as additive manufacturing can be integrated to reduce production costs and make the 

manufacturing process easier. 3D printing allows for rapid prototyping, once in 

development, individual businesses can produce electrolysers instantly.  Easing the 

assembly of the electrolysis will make these devices more accessible for hydrogen 

production and will allow more users to be able to produce hydrogen on a lower budget.  

1.8 Objectives  

The main objective of the thesis will be to develop and investigate 3D printing for alkaline 

water electrolysis for water splitting. The cathode plays a crucial part in the hydrogen 

evolution reaction (HER) for hydrogen production. Different strategies for 3D-printed 

electrodes for HER will be investigated in this thesis. The optimum goal will be to 

determine if the 3D printing electrode is a feasible approach for hydrogen production in 

terms of its electrochemical activity in alkaline media. The thesis will focus on the 

following key objectives of the course of the study period: 

• To develop efficient and cost-effective cathodes for water alkaline electrolysis for 

hydrogen evolution reaction (HER). 

• To investigate different coatings and methods for 3D-printed electrodes. 

• To assess the performance of the coated electrodes using electrochemical 

measurements and analysis. 

• To evaluate the performance of the coated electrodes with variations in coating 

deposition amounts. 

• To compare the performance of different electrode designs based on geometry.  

• To implement a method for testing the cathodes for hydrogen production to evaluate 

performance through hydrogen production rates and efficiencies. 
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1.9 Novelties  

There were various novelties introduced in the thesis project as part of three main integrals. 

Firstly, new approaches for fabricating electrodes for water alkaline electrolysis are 

established. The main innovation is the 3D printed electrodes developed by utilizing fused 

deposition modelling (FDM) techniques and electrochemical coating processes. The 

second element part of which novelties are present, are the coatings investigated in the 

research. New coatings and techniques yet to be considered by other researchers for 3D 

printed electrodes for hydrogen evolution reaction are investigated. The final component 

where novelties were introduced were as part of the hydrogen production portion of the 

thesis. The novelties in the thesis are listed as follows: 

• A new alternative method for coating 3D printed electrodes is introduced. Instead 

of 3D printing with conductive based PLAs, the electrodes were first 3D printed 

with normal non-conductive PLA. Then the electrodes were painted with 

conductive paint before using electrodeposition to coat the electrodes. 

• Electrodes with larger surface areas and different geometries not considered by 

previous researchers are investigated.  

• For coatings, nickel-molybdenum and nickel-iron were considered for coatings 

using electrodeposition, yet to be studied for coatings on 3D printed electrodes. 

Nickel-iron based 3D printed electrodes have been considered by other researchers 

using other additive manufacturing techniques such as photo-curing. 

• New and alternative chemical compositions of the electrolyte baths are also 

considered for electrodeposition.  

• A new flow-through electrode design is presented for hydrogen production. In 

addition, a unique setup is implanted for easy and efficient hydrogen production 

testing of multiple electrodes.  
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2. CHAPTER 2: LITERATURE REVIEW AND BACKGROUND 

One of the first steps as part of the thesis was an extensive literature review. The literature 

review aimed to identify past and current processes involved in 3D printed electrodes for 

hydrogen evolution reaction (HER) in alkaline media for water electrolysis. There has been 

an increased interest in 3D printing which has been shown to reduce manufacturing costs, 

save time, and make parts easily accessible. These can be benefited from by utilizing 3D 

printing technologies for hydrogen production. Insights into conventional electrodes used 

for hydrogen production in alkaline electrolysis are obtained to gain a better understanding 

of the standard. Some researchers have done some recent work where 3D-printed 

electrodes for hydrogen production were printed using a conductive material such as 

conductive PLA. To improve the performance, researchers have looked at many materials 

in which the electrodes can be coated post-printing. Electrodeposition is the most common 

process used currently; however different modifications are required based on the coating 

material. The optimum goal is to determine the most feasible materials that will have good 

conditions for hydrogen production.   

The following key insights are obtained from the in-depth literature review performed 

which can be considered for the thesis: 

• Using conductive PLA as the 3D printing materials have shown some 

potential in electrochemical water splitting applications. 

• Ultrasonic cleaning before coating the conductive PLA can reduce 

impurities in the coated electrodes.  

• Combination of titanium-nickel based electrode has shown to produce low 

overpotential at current density benchmark of 10 mA/cm2. 

• Adding activators to the electrolytes have shown to increase electrolysis 

efficiency in comparison to the standard 6 mol KOH electrolyte. 

• Reducing distances between electrodes can increase efficiency. 

• Porous electrodes have shown to improve mass transport and increase 

hydrogen production rate. 
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2.1 Alkaline Water Electrolysis  

Alkaline water electrolysis (AWE) technology is currently used in many applications 

including water splitting for hydrogen production. One of the advantages of AWEs is that 

they can easily be scaled for large hydrogen production facilities, however, this can 

increase the capital investment cost and increase energy demands [17].  

The concept behind using electrolysis for hydrogen is straightforward. Direct current is 

applied, and water is split into oxygen and hydrogen. As a result of the electrochemical 

reaction, hydrogen gas is produced at the cathode and oxygen gas is produced at the anode.  

The following is the reaction at the cathode: 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−          (2.1) 

The following is the reaction at the anode: 

𝐻2𝑂 →
1

2
 𝑂2 + 2𝐻+ + 2𝑒−        (2.2) 

The total reaction is given as follows:  

2𝐻2𝑂 → 𝑂2 + 2𝐻2          (2.3) 

In comparison to other electrolysis, AWE uses a solution with 25% to 30% of a catalyst 

mixed with water [18]. Either potassium hydroxide (NaOH) or sodium chloride (NaCl) is 

used for the catalyst. In typical industrial applications, alkaline electrolysis is operated at 

temperatures between 30C to 100C. These electrolytes speed up the reaction and allow 

the hydrogen and oxygen ions to be transported rather than being used up in the reaction.  

Hydrogen production efficiency is generally around 80% with the reactions being more 

effective at 0.3 A/cm2 or lower current densities [18]. 

2.2 Traditional Electrodes for Hydrogen Evolution Reaction 

The most used material for cathodes in alkaline water electrolysers is nickel with other 

catalytic coatings such as platinum. Whereas the anodes require materials with good 

properties for oxygen evolution. Metals including nickel, copper and stainless steel coated 

with other oxide such as magnesium, tungsten, and ruthenium are used for the anode [19]. 
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Additionally, alkaline electrolysers require a liquid alkaline based solution composed of 

30wt% potassium hydroxide (KOH) or sodium hydroxide (NaOH) for operation.  

Tang et al.[20] looked at the fabrication of nickel and molybdenum (Ni-Mo) based 

electrodes for an alkaline polymer electrolyte electrolysis. The technique used involved 

using NiMoO4 powder mixed with ethanol using ultrasonic bending. The powder used was 

reduced in hydrogen (H2) at 500°C, which was then transformed into a uniform and robust 

electrode consisting of nickel (Ni) and Mo (IV) oxides. The resulting Ni-Mo electrode 

showed exceptional catalytic activity. A very high current density of 700 mA/cm2 with an 

overpotential of 150 mV was obtained in a 5M KOH solution at temperature of 70°C. The 

researchers suggested their new fabrication method is suitable for alkaline water 

electrolysis and alkaline polymer electrolyte water electrolysis. 

Another study conducted by Allebrod et al. [21] prepared nickel foam and gas diffusion 

based electrodes using cobalt and molybdenum (Co-Mo). Circular-shaped foam pieces 

were used for nickel foam and Inconel foam. Cobalt and molybdenum were added to the 

electrodes to improve the performance. Cobalt and molybdenum were added, by first using 

50%wt cobalt (II) hydroxide and 50%wt SrTiO3 powder to add the cobalt layer. 

Molybdenum (VI) oxide with 30%wt and 70%wt SrTiO3 powder was used to add the 

molybdenum layer. The alkaline electrolysis cells prepared were tested at a pressure of     

40 bar and temperatures of 150°C, 200°C, and 250°C. The electrodes were tested at a 

temperature of 250°C. The current densities obtained at this temperature were 1.1 A/cm2 

and 2.3 A/cm2 at the voltages of 1.5 V and 1.75 V, respectively. The efficiency of the cells 

at high temperatures was improved. 

One study conducted by Nikolic et al. [22] looked at improving the efficiency of alkaline 

hydrogen electrolysers using cobalt (Co) and tungsten (W) based activators. The processes 

involved adding situ activating compounds directly into the electrolyte. With this addition, 

the efficiency was increased by reducing the energy requirements during the process by 

15%. The study showed that the efficiency at higher temperatures and higher current 

densities was increased.  

Colli et al. [23] studied the catalytic activity of different electrodes based on 

electrocatalysts used along with traditional electrodes. In their study, the activities of 
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nickel, iron, cobalt, and chromium were explored. The study found that good stability and 

performance were obtained for Raney nickel (nickel-aluminum alloy) as the cathode and 

316 stainless steel as the anode.  

Rosalbino et al. [24] studied the electrocatalytic behavior of cobalt and nickel with rare 

earth elements (Co-Ni-R) for hydrogen evolution reaction. The rare elements investigated 

in combination with Co-Ni were cerium (Ce), yttrium (Y), praseodymium (Pr), and erbium 

(Er). The study experimentally found that high efficiencies were obtained for electrodes 

where Co57Ni3x5Ce8 and Co57.5Ni3x6Y6.5 were used.  

Esmaili et al. [25] considered using molybdenum-oxo catalysts for cathodes in a low 

temperature electrolysis. The system was modeled to analyze and evaluate the energy 

efficiency and the exergy efficiency of the system considered. The study shows that the 

molybdenum-oxo catalyst only worked under neutral environmental conditions. The study 

found that at higher current densities, the system was inefficient and lead to damages in the 

electrolysis.  

2.3 Additive Manufacturing Technologies and Materials for 3D-Printed Electrodes  

Additive manufacturing (AM) is referred to methods that involve layer by layer printing 

using polymer-based materials. AM technologies have been found to be more feasible due 

to their lower production costs and easy operation. The types of materials used in AM 

technologies can consist of photopolymers, thermoplastics solid, thermoplastic powders, 

injecting powders and metal powders [26]. Part of AM technologies is a fused deposition 

modeling (FDM) technique which enables 3D printing with polymer-based materials and 

includes the use of polylactic-acid (PLA). This involves using extrusion to 3D-print 

geometries. The materials for this technique are prepared using multiple liquefaction 

processes and directly depositing the material using a nozzle. This technique is beneficial 

for rapid prototyping and is the most widely used in the industry currently. Some 

researchers have considered 3D-printing the electrodes using conductive PLA, which are 

usually graphene-based. In alkaline media, only a few studies have been considered using 

conductive PLA to 3D print electrodes for hydrogen production due to complications that 
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can arise with using the material. Some studies have also considered using other additive 

manufacturing for exploring the possibilities with 3D-printed electrodes. 

A study conducted by Browne et al. [27] suggested that 3D-printed electrodes have inherent 

impurities which make them catalysis for water splitting. The study states that the 

commercially available graphene or PLA filaments traditionally used for 3D printing 

electrodes themselves contain impurities. The study showed that thermal treatment after 

the 3D-printed properties had better hydrogen evolution reaction and oxidation properties.  

Ambrosi et al. [28] conducted a study to review 3D materials for use in electrolytic and 

electrochemical systems. The study points out that in electrochemical systems one of the 

key components is the electrode, for which a conductive material is required. The overall 

efficiency of the 3D-printed device would also be dependent on the electrode and therefore 

plays a crucial role. Currently, available 3D printing conductive materials are very limited 

and mainly carbon-based. This makes them challenging to work with when it comes to 

their catalytic performance. Based on the studies evaluation, only a combination of 

traditional manufacturing technologies and additive manufacturing can be combined to 

obtain optimal solutions. Future work is needed to develop technologies and processes 

solely based on 3D printing technologies for large scale.  

Other additive manufacturing technologies have also been considered for electrochemical 

energy applications. Other common techniques used by researchers have involved direct 

laser metal deposition (DLMD) and photo-curing. DLMD is a laser additive manufacturing 

(LAM) technology which uses laser beams to perform laser-based bed fusion or direct 

metal deposition. This technique is still in development, but some researchers have studied 

this approach for various metal depositions for applications that require high accuracy and 

precision. Photo-curing 3D printing is another technique that is used for high precision 

applications. There are various photo-curing techniques which exist and include, DLP, 

SLA and LCD to name a few. In general, photo-curing involves using photosensitive liquid 

resin which is cured using a light source [29]. Some researchers have also considered 

photo-curing techniques for 3D printing electrodes for electrolysis-based applications.  
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2.4 Electrodeposition Fundamentals and Process 

Researchers have looked at potential electrocatalysts and coatings for 3D printing in 

electrolysis for hydrogen production. The literature review identified that electroplating is 

the most common technique used for coating 3D-printed electrodes with conductive PLA. 

It is an electrodeposition process in which an electrical current is applied to deposit metal 

ions to opposite charges electrodes [30]. Traditionally, electrodeposition is performed in 

an aqueous bath. There are many techniques used to perform electrodeposition. In addition, 

the thermodynamic and kinematic aspects are required to understand the electrodeposition 

process.  

2.4.1 Electrodeposition Techniques  

Researchers have looked at various techniques for electroplating materials using 

electrodeposition. The general technique consists of a circuit using an anode, cathode, and 

electrolytic bath. Electric current is applied which moves from the anode to the cathode, 

both submerged in a conductive electrolytic bath. The cathode is the working electrode on 

which electrodeposition is performed. The anode acts as the counter electrode used to 

complete the circuit, the anode can be either inert or soluble [31]. If the anode is soluble, it 

will dissolve as current is applied and parts of the anode will be coated on the coated. In 

this case, the same material as the coating material is used for the anode.  

Some researchers have performed electrodeposition using a three-electrode system. 

Rathousky et al. [32] used a three-electrode setup in a study to prepare a TiO2 film. 

Platinum was used as the counter electrode and Ag/AgCl as the reference electrode. The 

bath was composed of a TiCl3 solution. The materials used to prepare the electrolytic bath 

depend on the cathode plating material. Past work and research have been done to 

determine the different materials and compositions of the substance for different 

electrolytic baths.  

2.4.2 Electrochemistry of Metals 

Researchers have looked at electrodeposition of various metals and alloys. Some 

background is required to understand how different metals react electrochemically. For 
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electrodeposition, an electrolyte with chemical reagents is required. The electrochemical 

behavior of certain metals can be described as follows.  

Nickel 

One commonly used metal in electrodes is Nickel. For centuries, Nickel alloys have been 

used for many materials such as coins, and household items because they have high 

oxidation resistance while having very good strength. For the electroplating of nickel, 

electrolytes containing Ni2+ ions are required. Nickel ions can be obtained from the 

following electrolytes, nickel sulfate (NiSO4·6H2O), nickel sulfamate (Ni 

(NH2SO3)2·4H2O), and nickel chloride (NiCl2·6H2O). Additionally, another main 

component of the electrolyte is boric acid (H3BO3) [33]. Other species in the electrolyte 

are required to increase the bath’s conductivity, reduce the surface tension, and are used as 

buffers to maintain the pH between 3.5 and 4.5 [33].  

The reaction for nickel dissolved in an acidic solution would be given as: 

Ni → Ni2+ + 2e−           (2.4) 

The reaction for nickel in an alkaline solution is given as: 

Ni + 2H2O → HNiO2
− + 3H+ + 2e−        (2.5) 

Aluminum  

Aluminum is a very abundant metal with very good corrosion and wear-resistant properties. 

However, aluminum is very reactive in chemical form, and new aluminum surfaces can 

form a protective oxide layer at room temperature. Aluminum comes from a group of 

metals that have negative electrode potentials. This makes aluminum electrochemically 

impossible for electrodeposition in the conventional aqueous bath [34]. Electroplating 

aluminum is still possible using a more specialized process using molten salts or special 

organic solvents.  

Due to the high negative potential in alkaline media, the electrodeposition of aluminum is 

not possible in aqueous solutions because of the hydrogen evolution reactions that occurs 

at the cathode.  

The reduction potential for aluminum in acidic or neutral solutions can be defined as: 
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Al3+ + 3e− → Al , E = −1.66 V         (2.6) 

In alkaline media the reaction is given as: 

Al(OH)4
− + 3e− → Al +  4OH−, E = −2.30 V       (2.7) 

The electrode potential for the hydrogen evolution at the cathode in acidic or neutral 

solutions is given as: 

H+ + e− →
1

2
H2 , E = 0 V          (2.8) 

In alkaline media, the cathodic hydrogen evolution is given as: 

2H2O + 2e− → H2 + 2OH− , E = −0.83 V       (2.9) 

Some researchers have looked at aluminum electrodeposition using acidic electrolyte baths 

and ethers-based solutions. Still, many researchers have found aluminum electroplating 

very difficult. Zhang et al. [35] looked at aluminum electrodeposition using aluminum 

chloride in a diglyme solution.  

Copper  

Copper along with silver, and gold belong to the 1B group from the periodic table. Copper 

has excellent electrical conductivity and has a good resistance to corrosion. It is often used 

with other metals as an alloy. Electrodeposition of copper can be performed for plating 

purposes; it is often carried out in acidic baths. Vicenzo and Cavallotti [36] carried out 

electrodeposition in a copper sulfide (CuSO4) and sulfuric acid (H2SO4) bath at a pH of 3. 

The standard 0.25 mol CuSO4 and 1.5 mol H2SO4 bath was used, and 0.8 mol CuSO4 for 

the pH 8 electrolyte bath.  

Iron  

After aluminum, iron is the second most common metal used. In its pure form, iron is a 

soft silvery-white metal, and has very less use in its pure form. Iron is often used along 

with other transition metals to improve its strength. Iron has many uses, widely used in 

medical and for power source applications. For example, iron batteries in aqueous 

potassium hydroxide (KOH) electrolyte have shown some promising results [37]. 

Traditional iron electroplating can be deposited using a sulfate-chloride electrolyte bath. 
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Developed way back iron was deposited using a composition 250 g/L of iron sulfate,           

42 g/L of iron chloride, and 20 g/L of ammonium chloride [38]. The recommended pH for 

iron electrodeposition is 3.5 to 5.5 between room temperature to room temperature to 32C 

with a current density of 0.32 A/cm2 to 0.053 A/cm2.  Further, iron can also be co-deposited 

with nickel using a nickel sulfate and iron sulfate bath. In a study by Philip et al. [39]       

0.08 mol/L nickel sulfate, 0.02 mol/ L iron sulfate, and 0.1 mol/L boric acid was used to 

co-deposit nickel and iron. The pH was adjusted with sulfuric acid to between 3.0 to 3.5. 

Molybdenum  

Molybdenum is a silvery grey metal found in many minerals. It has good electrical 

conductivity, resistance to corrosion, and stability which makes it excellent for alkaline 

electrolysis. Molybdenum has commonly been used as a material for electrodes in 

electrolysis and can be combined with other metals as an alloy to improve its strength. 

Molybdenum can be electroplated using electrodeposition. Cao et al. [40] conducted a 

study where they used an ammonium molybdate solution to electroplate molybdenum. The 

study found that the addition of ammonium played a critical role in molybdenum 

electrodeposition and resulted in higher current efficiencies. In the study 0.25 mol/L 

sodium molybdate, and 0 to 1 mol/L ammonium sulfate was investigated. The study looked 

at two pH levels, 5 and 9. Better results were obtained for molybdenum coatings applied at 

a pH of 9.  

2.4.3 Electrodeposition Thermodynamics  

In the electrodeposition process, electrochemical reductions occur from the electrolyte 

with at least two components.  

Ooxd + n 
i⃑

⇌
i⃐

 Red           (2.10) 

where n is the number of electrons and i⃑ and i⃐  are the current densities of the reduction and 

oxidation reaction.  

The equilibrium potential of the half-cell reaction can be calculated as [41]: 

Eeq = E +
2.3RT

nF
log

bo

bR
         (2.11) 
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where T is the absolute temperature in Kelvin (K), R is the universal gas constant          

(8.314 J/mol·K), and F is the Faraday constant (96485 C/mol1). The components, bO, and 

bR are the effective concentrations of the oxidation species, and the reduction species in 

mol/L. E is the electrode potential at standard state conditions of 1 atm, 25C and at 1 mol 

ion concentration.  

When the electrode is submerged in the electrolyte, there becomes a difference between 

the potential of the electrode and the electrolyte [42]. This is known as the absolute 

potential of the electrode and is given as follows:     

Eabs = ϕs −  ϕl           (2.12) 

2.4.4 Electrodeposition Kinetics 

The kinetics of electrodeposition can be used to compute the reaction rates and different 

parameters associated. Two common parameters used to evaluate reactions are 

overpotential, and current density. Through the electrodeposition circuit, the current travels 

from the anode to the cathode. If the electrons being removed are faster than the rate of 

reaction, due to the shortage of electrons at the anode a change occurs in the equilibrium 

state. The same can occur at the cathode when there are more electrons than the amount of 

cathode takes. At this state, the electrodes become polarized. The overpotential of the 

electrode is given as [43]: 

ηo = ϕE − ϕ            (2.13) 

where ϕE is the potential of the electrode (E) and ϕ is potential at equilibrium (Eeq).  

The most common expression which relates overpotential and current density is the Butler-

Volmer expression [43]. The expression is generally solved using computation techniques. 

The Bulter-Vomer expression is given as follows:  

i

i0
= e

αa(
Fηo,s

RT
)

 −  e
−αc(

Fηo,s
RT

)
            (2.14) 
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The amount of metal deposited during the electrodeposition can be calculated using 

Faraday’s law given by equation (2.15): 

W =
ItM

nF
          (2.15) 

where W is the amount of coating deposited on the electrode in grams (g), I is the current 

in amps (A), t is the deposition time in seconds (s), M is the molar mass of the metal plated 

in grams per mol (g/mol), n is the number of electrons involved and F is the Faraday’s 

constant.  

2.5 Electrocatalysts and Coatings 

This section looks at some past work that has been done in coating 3D-printed electrode 

materials for HER in alkaline media. There has been significantly more research for 

electrodes in other non-alkaline electrolysers (PEM) 3D printed-based electrodes. To get a 

better understanding of the coating materials, a literature review was also performed for 

coatings performed for 3D-printed electrodes in other types of electrolysers and for 

conventional plating performed on metallic materials.  

2.5.1 3D-printed based Electrodes and Coating Methods in Alkaline Media  

Very few researchers have looked at electrocatalysts and metal coatings for 3D-printed 

based electrodes in hydrogen evolution reactions. Huner et al. [44] conducted a study where 

they tested a nickel and platinum (Ni-Pt) coating on 3D-printed electrodes printed with 

graphene-based PLA. The 3D-printed and coated electrodes were investigated for 

hydrogen evolution reactions. In their study, the electrodes were first designed in 

SolidWorks with a length of 50 mm, width of 5 mm, and thickness of 1 mm. The electrodes 

were printed using the Ultimaker +2 used the Black Magic 3D conductive graphene PLA 

filament. The 3D-printed electrodes need to be conductive to perform the electrodeposition 

process. The 3D-printed electrodes were initially cleaned using an ethanol ultrasonic bath 

for 5 min, then washed with deionized water, and dried with nitrogen gas. For 

electrodeposition, the 3D-printed electrode is used as the working electrode (cathode) and 

a platinum sheet of 0.1 mm thickness is used as the counter electrode. In the process, the 

nickel coating was first deposited, then the nickel-coated electrodes were placed in the 
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platinum-based electrolyte bath to deposit platinum. The electrolyte bath for nickel 

electroplating consisted of nickel sulfate (NiSO4·6H2O), nickel chloride (NiCl2·6H2O), and 

boric acid (H3BO3). The composition of the platinum bath consisted of potassium 

hexachloroplatinate (K2PtCl6) and potassium chloride (KCl). The nickel-coated electrodes 

were used to deposit three different compositions of the platinum on the chemical 

composition named as NiPt1, NiPt2, and NiPt3. 0.176 g/L K2PtCl6 for NiPt1, 0.352 g/L 

K2PtCl6 for NiPt2, and 0.528 g/L K2PtCl6 for NiPt3 with 7.46 g/L KCl was used for the 

different electroplating baths. The researchers found that the NiPt3-coated electrode had 

three times higher current density than the NiPt1-coated electrode, which increased from 

61.46 mA/cm2 to 121.67 mA/cm2.  

In another study by Huner et al. [45] a similar experimental procedure was used to 

electrodeposit compositions of Nickel and Copper (Ni-Cu) on 3D-printed electrodes. The 

3D-printed electrodes with the same dimensions as the previous study were prepared using 

conductive PLA filament. The electrodes printed using the Ultimaker +2 printer were 

printed using a nozzle temperature of 220C and a bed temperature of 60C. The electrode 

layer thickness used was 0.1 mm, using a 0.4 mm nozzle diameter at a 50 mm/s nozzle 

speed. Like the previous study, the nickel coating was deposited first, then separate baths 

were used to co-deposit copper using three different compositions of the electrolyte bath. 

The copper electrolyte bath used was composed of 125 g/L copper sulfate (CuSO4.5H2O) 

and 10 mL sulfuric acid (H2SO4), with all baths prepared in 100 mL of high-purity 

deionized water. In the study, the 3D-printed electrodes were coated with three different 

copper compositions. Sample NixCux consisted of a 10 mL Cu solution, NixCu2x with 20 

ml, and NixCu3x with 30 ml. The results showed that compared to the uncoated electrodes 

the current density was increased by 78.1% at a voltage of -1.6 V and increased by 79.56% 

for a voltage of -1.4 V. Further, the resistance of the coated electrodes was also decreased 

by 99.5%. The NixCu3x showed to have the lowest resistance and higher current densities 

than the other samples. The NixCu3x had a current density of 40.12 mA/cm2 at -1.4 V, and 

a resistance of 0.951 k at a frequency range of 1 kHz to 10 kHz.  

Huner et al. [46] performed another study for conductive PLA filament graphene-based 

3D-printed electrodes. In the study, they applied an electrochemical process to electroplate 
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nickel and cobalt (NiCo). They used a very similar process as to their previous 3D-printed 

electrode studies. The same electrode dimensions and the 3D printing process were used. 

The nickel and cobalt deposited on the 3D-printed electrodes were deposited together in 

the same electrolyte bath using electrodeposition. The electrolyte bath was composed of 

nickel sulfate (NiSO4·6H2O), boric acid (H3BO3), and cobalt sulfate hetahydrate 

(CoSO4·7H2O). A 50 ml volume was used for the bath, with a constant concentration of 

0.5mol/L for boric acid for all baths prepared in the study. Three different electrode 

samples were prepared and tested based on different Ni and Co compositions. The 

electrodes were prepared at molar ratios of Ni:Co, 1:4, 1:1, and 4:1. The 1:1 (M) ratio was 

composed of 0.5 mol/L for both Ni and Co. The Ni:Co, 1:4 sample showed to have more 

stability and higher kinetic activity for hydrogen evolution reaction. At a voltage of 1.1 V 

the current density was found to be 30.22 mA/cm2. 

A similar approach was used in a study by Bui et al. [47] who also 3D-printed electrodes 

for alkaline memberless electrolysis. The electrodes were first 3D-printed then nickel (Ni) 

was deposited using electrodeposition. The performance of the electrodes was evaluated 

for water electrolysis in a solution of 1 mol sodium hydroxide (NaOH). They tested the 

electrodes for oxygen evolution reaction and hydrogen evolution reaction. A simple 

memberless electrolyser was developed by the combining the electrodes in a monolithic 

lid for collecting the oxygen and hydrogen gases. The efficiency of the electrodes was 

found to be low, however it showed to be beneficial to explore new deigns. 

In a study conducted by Han et al. [48] a photo-curing method for 3D printing nickel-based 

electrodes for HER in alkaline media was studied. The method they used can directly 

manufacture nickel-based electrodes. In the study, a titanium, iron, and cobalt with nickel 

(Ti-Ni, Fe-Ni, Co-Ni) electrodes were 3D-printed. The technique used involved producing 

a ceramic paste from nickel oxide (NiO) powders, titanium carbide (TiC), and stabilized 

zirconia (YSZ) was created. For the iron depositions, ferric oxide (Fe2O3) was used and 

cobalt powder was used for cobalt depositions. Using the prepared paste the electrodes 

were directly printed using direct photo-curing 3D printing. The study found that Ti-Ni 

based electrode had a low overpotential of 34 mV at a current density of 10 mA/cm2. 
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In an interesting study, Sullivan et al. [49] evaluated the performance of nickel and 

molybdenum (Ni-Mo) electrocatalysts for a flow-through electrode configurations. The 

3D-printed electrode Sullivian et al. developed can be seen in Figure 2.1. The technique 

they used for 3D printing the Ni-Mo based electrode involved ink formation using               

so-gelation and carbonization. Using the developed ink, the Ni-Mo electrodes were 3D 

printed. Low overpotential were obtained for high quantity Mo electrodes. An average of 

45 mV overpotential was obtained at current density of 10 mA/cm2. In addition, the study 

found that the flow through configuration really helped to remove bubbles in comparison 

to traditional configurations.  

 
Figure 2.1 3D-printed flow through electrode studied by Sullivan et al. [49] 

Zhou et al. [50] showed that 3D-printed electrodes using anodized steel is a proposing 

technology for large scale electrolysis applications. The process used for fabrication 

consisted of direct energy deposition (DED) technique used to prepare the martensitic steel. 

For the alkaline electrolyser the steel cathode and anode were tested in a 1 mol potassium 

hydroxide solution (KOH). The study found that for cell voltages of 3.03 V and 3.18 V 

only a current density of 500 mA/cm2 and 570 mA/cm2 was required.  

2.5.2 3D-Printed based Electrodes in Non-Alkaline Electrolysis Applications  

Some researchers have studied coatings on 3D printed electrodes for other non-alkaline 

based electrolysers such as proton exchange membrane (PEM) electrolysis. The different 
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techniques considered by researchers are for improving the efficiency and the chemical 

properties of the 3D-printed electrodes.  

Chisholm et al. [51] prepared 3D-printed electrodes for a PEM electrolysis for water 

splitting. The electrodes were printed using polypropylene (PP) using the 3dTouch 3D 

printer. The 3D-printed plates were ultrasonically cleaned in a detergent solution before 

coating. First, the 3D-printed plates were coated with silver paint, air dried for 1 hour and 

then cured at 120C for 20 minutes. Then the electrodes were further plated in silver using 

a 3-electrode system using platinum as the counter electrode and silver wire as the reference 

electrode to plate silver. They then prepared a PEM electrolysis for water splitting to 

demonstrate that it possible to develop an electrochemical device using 3D printing 

technology.  

A study conducted by Wright et al. [52] used 3D-printing techniques and electroless 

processes to produce electrodes for electrolysis. Titanium was deposited using electroless 

and the electrode was considered for a CO electrolysis. The results showed that the 

performance of the 3D-printed electrode was similar to the conventional machined 

electrode. The cells performed at a current density of up to 250 mA/cm2 and were stable 

for a 24-hour operation.  

Yang et al. [53] developed a fully printed PEM electrolyser using 3D printing. They used 

a laser powder bed printer from which they were able to directly 3D-print conductive cells. 

In the study, different cathodes were evaluated. The 3D-printed electrolyser was highly 

efficient, they found that at a current density of 2 A/cm2 and an operating temperature of 

80C, an efficiency of 86.68% was obtained.  

2.5.3 Coatings on Industrially Prepared Metallic Electrodes  

Metallic coatings have traditionally been used in many applications such as jewelry plating 

or for coating other metals for improving strength and corrosion. Many researchers have 

looked at different processes for electroplating various industrially prepared materials 

which can better help understand the coating processes for 3D-printed materials.  
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Prochniak and Grden [54] applied a nickel plating using an electrolytic bath prepared using 

Ni powder in HNO3. With their approach, no additional treatment was required, and the 

coating was directly applied after dilution with water. The coatings were deposited from 

both an acidic solution and an alkaline bath. The results showed that coating applied from 

the acidic solution bath more stable in terms of both physical and chemical aspects.  

One study conducted by Ying [55] looked the deposition of copper and nickel (Ni-Cu) 

using a citrate solution. In the study, the electrodeposition was performed for both a 

stationary and rotating electrode. The electrolytic bath was prepared using copper sulfate 

and nickel sulfate in a citrate bath using sodium citrate. The copper and nickel alloy 

deposition occurred at an electrode potential of -1 V to -1.2 V.  

In a study conducted by Wang et al. [56] electrodeposition was used to apply nickel-iron 

coatings on stainless steel electrodes for oxygen evolution reactions in alkaline media. The 

Ni-Fe deposited electrodes showed to have an overpotential of 514 mV at a 10 mA/cm2 

current density.  

Gutierrez et al. [57] used electrodeposition to prepare nickel coated 304 stainless steel 

electrodes. They analyzed the effect on hydrogen production due to variations in potential, 

time and the amount of nickel which was deposited. The study found that the highest 

hydrogen production concentration was obtained for the nickel coating with the electrode 

with the most nickel deposited.  

2.6 Electrolysis Stack Configurations and Design 

Typically, alkaline electrolysers can have two stalk configurations. Figure 2.2 shows the 

conventional assembly (with a gap assembly), and the more commonly used configuration 

today is the zero-gap assembly. 

 The conventional assembly has a gap between the electrodes and the separator, where the 

separator is used to separate the oxygen and hydrogen gasses. The zero-gap assembly has 

the electrodes pressed into the separators.  The zero-gap assembly minimizes ohmic losses 

that occur due to the electrolyte. Various researchers have studied different modifications 

to the stalk configurations discussed and their effect on electrolyser performance.  
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Figure 2.2 Alkaline electrolysis stack configurations (a) convectional assembly (b) zero-

gap assembly (adapted from [58]) 

 

A study conducted by Silva et al. [59] developed and studied the performance of two stack 

configurations for alkaline electrolysis. The two configurations considered in the study 

were mono-polar and bi-polar which were compared through 3D modeling and 

comparison. The main difference between the two configurations was the distance between 

the electrodes. The results of the study showed that the performance of the electrolysis 

could be improved by reducing the distance in between the electrodes. The bi-polar stack 

had a better performance in terms of flow rater, power, and efficiency.  

Rajaei and Haverkort [60] conducted a study to evaluate the performance of a compact 

electrochemical stack design arranged in a checkboard configuration. The study was 

performed using 3D-printed metal prototyping for alkaline water electrolysis. The results 

showed that the design took up at least 1.5 to 2 times less volume compared to conventional 

‘sandwich’ type configurations.  

In a study conducted by Yang et al. [61] non-conductive bipolar plates were printed for a 

PEM water electrolysis. The study proposes the use of low-cost PLA for the plates which 

is mainly used to distribute water and gas products. The results showed that the hydrogen 
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production rated for the PLA bipolar plates was six times higher than the traditionally 

graphite based bipolar plates.  

One study conducted by Sandeep et al. [62] looked at an experimental investigation of 

porous electrodes on an engineering scale for hydrogen production. The electrodes were 

used with a zero-gap bipolar electrolysis configuration to minimize the cell voltage 

required. To minimize production cost, the current density needs to be maximized at the 

minimum voltage required. The study considered the losses that occurred due to ohmic and 

activation overpotential at various temperatures. The efficiency was found to be higher for 

higher operating temperatures. 

2.7 Gaps in the literature  

There has only been a handful of previous studies using a 3D printer and electrodeposition 

techniques for 3D printing electrodes for hydrogen evolution reactions. These studies have 

only considered a few metallic coatings with much smaller electrode surface areas. The 

metal coating applied, and coating technique used plays a crucial role on the durability and 

the performance of the electrodes. No studies have been reported on using                       

nickel-molybdenum and nickel-iron for coatings on 3D printed electrodes using 

electrodeposition. Other researchers have looked at using other additive manufacturing 

techniques such as photo-curing for 3D printing nickel-iron based electrodes. However, 

these approaches are much more complex and would be more costly to implement than the 

electrodeposition technique considered. So far, earlier studies have only considered 

rectangle electrode geometries with smaller surface areas. Round electrodes, which are 

more commonly used in commercial applications provide a more even distribution of 

current. Current plays a crucial role in electrolysis, in general electrodes with larger surface 

area can sustain higher currents. Further, most studies on 3D printed electrodes have only 

considered electrochemical behaviour. Studies that have implemented the 3D printed 

electrodes into an electrolysis assembly have only reported to the efficiency to be low. 

However, actual numerical results related to hydrogen yields and efficiencies are not 

reported. 
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3. CHAPTER 3: EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental setup and procedure used to prepare and test the electrodes are presented 

in this section. Novel methods and materials are introduced for the preparation of new and 

cheaper electrodes of alkaline water electrolysis for hydrogen production. A detailed 

outline of the materials and approaches used to prepare the electrodes is explained. In 

addition, the equipment and apparatus used to test the fabricated electrodes are also 

discussed.  

3.1 Electrode Preparation and Coating Techniques  

Additive manufacturing is investigated to prepare the electrodes for cost reduction and 

feasibility. Although there are many benefits to 3D-printing technologies, there are still 

some limitations that prevent this technology from being implemented in manufacturing of 

water electrolysis. 3D-printing is limited in terms of materials that are compatible with 

most printers in fused deposition modelling (FDM) techniques. These materials are 

generally polymer-based, mostly non-conductive. The materials that are conductive have 

very poor performance in electrical applications. This raises a concern; good conductive 

electrodes are crucial for hydrogen production and play a key role in efficiency. Metallic 

coatings are a common practice used to prepare traditional electrodes. This methodology 

is yet to be explored extensively for 3D-printed electrodes prepared using FDM techniques. 

3D-printed electrodes can be coated to significantly improve their performance while 

reducing costs. This section introduces the techniques used to apply metallic coatings on 

3D-printed electrodes using two different polylactic acid (PLA) materials. In addition, the 

design of the 3D-printed electrodes is also discussed. 

3.1.1 Electrode Design  

The electrodes are designed in SolidWorks and then converted into STL files to be 3D 

printed. The electrodes designed are selected to be circular. Round electrodes can provide 

a more even distribution of current compared to other geometries. Current plays a crucial 

role in electrolysis, an even current distribution is important to obtain adequate electrolysis 

efficiencies. Figure 3.1 illustrates the electrodes designed for the study. Figure 3.1(a) shows 

the initial design that is selected and is a representation of a typical electrode used in 
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traditional electrolysis configurations. Figure 3.2 (b) shows the slightly modified design to 

accommodate the electrodeposition process. Traditional electrodes can vary by size 

depending on the capacity. Generally, the capacity of the electrolysis is increased by 

increasing the number of stacks rather than the size of the electrode itself. The size of the 

electrodes for experimental purposes was selected as a 50 mm diameter electrode with a 

thickness of 1 mm, with an area of 19.63 cm2 (1963 mm2). The modified electrode has the 

same dimensions, except a 10 mm long with 1 mm thickness strip was added at the end of 

the electrode to extend the surface for electrodeposition.  

                

                                          (a)                                                   (b) 

Figure 3.1 Electrode designs (a) initial design (b) slightly modified design 

One of the advantages of additive manufacturing is that there is much more flexibility in 

the design. Complex shapes can easily be 3D-printed without the need for expensive and 

intricate manufacturing processes. Further to the thesis project, a flow-through electrode 

design (named D2 for reference) as illustrated in Figure 3.2 is considered.  

 

Figure 3.2 Flow through electrode design (D2) 
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Using a porous electrode can help increase the rate at which the gases evacuate the 

electrolysis, especially for zero-gap configurations where the electrodes are closely packed. 

Traditional electrodes are generally solid, plate-like (Figure 3.1 (a)) in geometry due to the 

increased costs and complex procedures that would require modifying the electrode design. 

With 3D printing technologies, more advanced and involved designs can easily be 

investigated for water electrolysis for hydrogen production.  

3.1.2 3D Printing and Coating Procedure Plan  

A common approach is selected to prepare all electrodes investigated. The electrodes are 

first 3D-printed and then coated with various coatings. The Anycubic Kobra illustrated in 

Figure 3.3 is used to 3D print all electrodes for the experiments. 

 

Figure 3.3 Anycubic Kobra 3D printer used for 3D printing 

Many coating approaches are traditionally used for metal plating. Electrodeposition is 

selected as the best approach for coating. This technique has proven to result in good and 

consistent coatings. In addition, it is low cost, resulting in strong bonds and adhesion 

between layers. Electrodeposition can be performed for a variety of metallic coatings and 

is easy to operate if the conditions of the electrolyte bath are controlled. Figure 3.4 shows 

the schematic of the setup implemented for the electrodeposition of metallic coatings on 
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the 3D-printed electrodes. The electrodeposition setup consists of an electrolyte bath 

composed of the metal ions of the metal being deposited. The bath generally consists of 

various chemicals, some which act as a source of metal ions and others improve the 

conductivity of the bath and help control the pH. A two-electrode system is introduced 

where a platinum or carbon anode is used as the counter electrode and the cathode is the 

part being coated. A hot plate can be used to heat up the electrolyte if needed, and a 

thermometer is used to monitor the temperature of the bath.  

 
Figure 3.4 Schematic diagram for electrodeposition 

One limitation of electrodeposition is that the material being coated (the cathode) must be 

conductive. Direct current is applied and flows through the electrolyte solution from the 

anode to the cathode. Due to the electric field formed, the ions from the electrolyte solution 

move toward the cathode and are reduced by producing a metallic layer of the metal being 

deposited.  

3.1.3 Electrodeposition on Conductive Paint 3D-printed Electrodes  

Traditional materials used to 3D print parts are generally non-conductive and therefore 

electrodeposition can not be performed using these materials. Various types of conductive 

metallic paints are available in the market and can be applied to non-conductive parts made 

of plastic before electrodeposition. This is the first approach investigated for the thesis 

project to prepare the 3D-printed electrodes. Conductive-based paints have lower 

conductivity and high resistance, hence metal deposition can significantly improve the 
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electrode’s performance compared to just using the conductive paint. Additionally, 

electrodeposition is required to improve the life of the electrodes. Under direct contact with 

water over time the paint layer becomes weak, then starts to crack and break apart from the 

material. Nickel is selected as one of the main metals to be electrodeposited and 

investigated in the thesis. Therefore, nickel-based conductive paint are chosen to plate the 

3D-printed electrodes before the electrodeposition of nickel. Two different types of nickel 

conductive paints (NCP) are investigated to determine the best one for electrodeposition. 

The MG Chemicals 841AR Nickel Conductive paint, which is an acrylic solution-based 

paint is used. The second type of paint used is the MG Chemicals 841WB Nickel 

Conductive paint, which is a water solution-based paint. Figure 3.5 shows the 3D-printed 

electrode which are printed with non-conductive PLA and then coated with the nickel 

conductive paint.  

    
                                                  (a)                                      (b) 

 

Figure 3.5 3D-printed with non-conductive PLA and NCP coated (a) 3D-printed PLA 

electrode (b) after nickel conductive painted electrode 

 

3.1.4 Electrodeposition on Conductive PLA 3D-printed Electrodes  

There are some available conductive materials such as conductive PLA which have been 

modified to generate electrical current. In addition, they are compatible with the standard 

(FDM) modeling 3D printers used with the traditional PLA’s. Using conductive PLA, 

eliminates the need to first coat the electrodes with conductive paint and they can directly 

be used with electrodeposition. Figure 3.6 shows the electrodes printed with the conductive 

PLA for the original design and the flow-through design. The Proto-Pasta Conductive PLA 

is used to print the electrodes for experiments where nickel conductive paint is not used. 
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The electrodes are printed with the Anycubic Kobra 3D printer with a bed temperature of 

50C and a hot end temperature of 230C.  

 

           

                                              (a)                                               (b) 

Figure 3.6 Conductive PLA 3D-printed Electrodes (a) original design electrode (b) D2 

electrode 

For coating the conductive PLA 3D-printed electrodes, cleaning the electrodes with an 

ultrasonic cleaner can help reduce impurities. Initially, the electrodes are cleaned in a 

distilled water bath in an ultrasonic cleaner. For comparison, they are also cleaned in a 

reagent alcohol-based solution mixed in water. The alcohol-based cleaning bath tends to 

work better than the water bath for reducing impurities in the coated electrodes.  

3.2 System Components and Materials  

The key system components used to implement the experimental setup are shown in     

Table 3.1 with their corresponding specifications. The components in the electrodeposition 

setup are the power supply which is used to supply direct current between the anode 

(counter electrode) and the cathode (3D-printed electrode). The magnetic stirrer is used to 

stir the electrolyte bath at a constant bath during the duration of the electrodeposition. Once 

the electrodes are coated, they are also tested for hydrogen potential. The hydrogen cell 

prepared for electrolysis testing uses a 316 stainless steel (60mm by 50mm) anode. The 

prepared electrodes are tested as a cathode for hydrogen evolution reaction. The MQ-8 

hydrogen gas sensor with Audrino is used to measure the rate of hydrogen. 
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Table 3.1 Equipment and component specifications 

Name  Reference  Image  Specifications 

Wanptek DC 

Power Supply 

DPS3010 U 

[63] 

 

Output Voltage: 0-30 V 

Output Current: 0-10 A 

Temperature: 0-40 C 

Resolution: 00.01 V, 0.002 A 

Fisher Scientific 

Isotemp 

Hotplate with 

Magnetic Stirrer  

[64] 

 

Stirring Range:  

60- 1200 rpm 

Temperature Range:  

5 to 400 C 

Plate Capacity: 35 lbs 

Mettler Toledo, 

AB204-S/FACT 

Scale  

 

[65] 

 

Range: Up to 220 g 

Temperature Sensitivity (10 to 

30 C): 2.5 ppm/C  

Time (setting): 4s 

 

Fisher Scientific 

FS20D 

Ultrasonic 

Cleaner 

[66] 

 

Cleaner power: 80 W 

Heater Power: 63 W (up to 

60C)  

Operating frequency: 40 kHz 

Mastercraft 

Digital 

Temperature 

Reader  

 

[67] 

 

Response Time: 500 ms 

Temperature Readability 

Range: -30 to 480 C 

 Temperature (Operating): 0 to 

50C 

Vernier 

Conductivity 

Probe 

[68] 

 

High Range: 0 to 20,000uS/cm 

Response Time: 98% in 5s 

Temperature Range: 0 to 80 C 

Mastercraft 

052-0060-2 

Multimeter 

[69] 

 

Resistance Readability:  200, 

2k, 20k, 200k, 2000kΩ 

Temperature: 0 to 50 C 

Readings accurate after 1 year 

of calibration at 18 to 28 C 
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Corning 450 

pH/ion meter 

[70] 

 

pH Operating Range: pH –

1.999 to 19.999 

Resolution: 0.001/0.01/0.1 pH 

Temperature: –30 to 130 °C 

Recommended Calibration: 

Every 24 hours 

Wagner Furno 

Heat Gun 

[71] 

 

Two Speeds: Low, High 

Heating Setting (Drying Paint): 

Low 

Platinized 

Titanium Mesh 

electrode  

- 

 

Dimensions (mesh): 50 mm 

(length) by 25 mm (width) 

ProtoPasta 

Conductive 

PLA 

[72] 

 

Strength: Fair (less layer 

adhesion) 

Stiffness: Low, semi-flexible 

Heat Resistance: below 50 C 

Density: 1.15 g/cm3 (1500 

kg/m3) 

MG Chemicals 

841AR Nickel 

Conductive 

paint  

[73] 

 

Volume Resistivity: 

0.0040Ωcm 

Temperature: -40 to 120 C 

MG Chemicals 

841WB Nickel 

Conductive 

paint 

[74] 

 

Volume Resistivity: 0.027Ωcm 

Temperature: -40 to 120 C 

MQ-8 

Hydrogen Gas 

Sensor with 

Arduino 

[75] 

 

Hydrgoen Detecting Range: 

100-10000 ppm 

Circuilt Votage: 5V±0.1 

Heating Votage: 5V±0.1 

Standard Conditions: 20℃± 

2℃ temp, 65%±5% humidity 

316 Stainless 

Steel Anode 

- 

 

Dimensions: 60mm (length) x 

50mm (width) 
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There are various chemicals used for different coating electrolyte baths during 

electrodeposition. Some chemicals such as potassium hydroxide (KOH), is used during 

testing. All chemicals used in the thesis are listed in Table 3.2. 

Table 3.2 Chemicals and specifications 

Chemical Name Image Supplier/ 

Product # 

Description/Usage 

Nickel Sulfate 

(NiSO4·6H2O) 

 

Sigma Aldrich/ 

10101-97-0 

Nickel sulfate is used for 

nickel ions in nickel 

coating electrolyte bath. 

Nickel Chloride 

(NiCl2·6H2O) 

 

Sigma Aldrich/ 

7791-20-0 

Nickel chloride is used to 

increase conductivity in 

nickel coating electrolyte 

bath. 

Boric Acid (H3BO3) 

 

Sigma Aldrich/ 

10043-35-3 

Boric acid for 

electrodeposition coating 

baths, mainly for nickel 

to control pH. 

Copper Sulfate 

(CuSO4.5H2O) 

 

Sigma Aldrich/ 

7758-99-8 

Copper sulfate is used for 

source of copper ions in 

copper electrolyte bath. 

Iron Sulfate (FeSO4) 

 

Sigma Aldrich/ 

13463-43-9 

Iron sulfate is used for 

source of iron ions in 

iron electrolyte bath. 

Iron Chloride 

(FeCl3.6H2O) 

 

Sigma Aldrich/ 

10025-77-1 

Iron chloride is used 

additionally in iron 

electrolyte bath to 

improve conductivity. 

Ammonium 

Molybdate 

((NH4)6Mo7O24 · 

4H2O)  

Sigma Aldrich/ 

12054-85-2 

Ammonium molybdate is 

used a source of 

molybdenum ions in 

molybdenum electrolyte.  

https://www.sigmaaldrich.com/CA/en/search/10101-97-0?focus=products&page=1&perpage=30&sort=relevance&term=10101-97-0&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/7791-20-0?focus=products&page=1&perpage=30&sort=relevance&term=7791-20-0&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/10043-35-3?focus=products&page=1&perpage=30&sort=relevance&term=10043-35-3&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/7758-99-8?focus=products&page=1&perpage=30&sort=relevance&term=7758-99-8&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/13463-43-9?focus=products&page=1&perpage=30&sort=relevance&term=13463-43-9&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/10025-77-1?focus=products&page=1&perpage=30&sort=relevance&term=10025-77-1&type=cas_number
https://www.sigmaaldrich.com/CA/en/search/12054-85-2?focus=products&page=1&perpage=30&sort=relevance&term=12054-85-2&type=cas_number
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Sodium Hydroxide 

(NaOH) 

 

Fisher 

Scientific  

Sodium hydroxide is 

used in the electrolyte 

baths to increase the pH 

of the baths 

Sulfuric Acid 

(H2SO4) 

 

 

Sigma Aldrich/ 

7664-93-9 

Sulfuric acid is used in 

the electrolyte baths to 

improve conductivity and 

to decrease the pH so the 

solution is more acidic  

Potassium Hydroxide 

(KOH) 

 

Fisher 

Scientific 

Potassium hydroxide is 

used to test the electrodes 

in an alkaline-based 

solution 

Regent Alcohol 

 

Lab Chem Ethanol and methanol 

based solution is used to 

clean the 3D-printed 

electrodes in the 

ultrasonic cleaner before 

coating 

 

3.3 Experimental Setup and Procedure 

This section introduces the experimental apparatus implanted to coat the electrodes and test 

the developed electrodes. There are various steps taken to prepare the electrodes first before 

they could be tested. There are two main types of tests conducted in the thesis. The first set 

of tests involved setting up an electrochemistry setup to measure the current and impudence 

response of the electrodes. The second set of tests involved measuring the electrodes for 

hydrogen potential using a prepared electrolysis testing cell. Figure 3.7 introduces the key 

steps that are taken to fabricate the electrodes and then test them using the different 

approaches.  
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Figure 3.7 Experimental procedure flow chart 

3.3.1 Electrodeposition and Electrode Coating Apparatus 

An experimental setup to coat the electrodes is implemented based on the electrodeposition 

schematic diagram. A procedure for testing the electrochemical properties of the coated 

electrodes is also developed. Figure 3.8 shows a picture of the experimental setup that is 

established. The electroplating system consists of a platinum-coated titanium mesh 

electrode which is used as the counter electrode (anode). The part being coated (3D-printed 

electrode) is used as the cathode. Direct current is applied to the anode (+) and the cathode 

(-) which breaks down ions from the electrolyte bath and plates the part being coated 

(cathode). The composition of the electrolyte bath varies depending on the metal which is 

being coated. 
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Figure 3.8 Experimental setup for electrodeposition and electrochemistry testing 

The hot plate can be used to adjust the temperature of the electrolyte bath if needed. For 

the experiments performed this is not used and all coatings are applied at room temperature 

(~24 C). The magnetic stirrer is used to magnetically stir the electrolyte while 

electrodeposition takes place. All coating baths are magnetically stirred at 200 rpm. In 

addition, the magnetic stirrer is also used to stir the chemicals in distilled water to prepare 

the electrolyte. For the electrodes which are first coated with nickel conductive paint, some 

of them are thermally dried using the heat gun after applying the paint. All electrodes are 

first cleaned with an ultrasonic cleaner using a reagent alcohol solution composed of 

ethanol and methanol with distilled water.  

3.3.2 Electrode Testing Apparatus for Hydrogen Potential  

For hydrogen testing, a setup is implemented to test the electrodes using a cell to imitate 

the conditions of a water electrolysis. Figure 3.9 shows the hydrogen testing apparatus used 

to test the prepared electrodes for hydrogen evolution reaction. A 316 stainless steel 

electrode is used for the anode. The coated 3D-printed electrodes are used as the cathode. 
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The hydrogen produced is collected and measured using the MQ-8 hydrogen gas sensor 

connected to Arduino.  

 

Figure 3.9 Electrolysis cathodic testing and hydrogen measurement apparatus 

The hydrogen concentration measurements are recorded using Arduino connected to the 

sensor. A pipe connecting from the cathode testing cell is connected to the hydrogen 

collecting cylinder. The cathode and the anode are supplied with current for different 

durations of time at a voltage of 2.5 V. The hydrogen produced is measured at the end of 

the different testing time intervals. Although the measurements are recorded 

instantaneously, accurate measurements could only be recoded at end of each testing time 

due to the sensitivity of the sensor. The 3D-printed and coated electrodes are tested in a     

1 mol KOH in 500 ml water solution as the electrolyte.  

3.3.3 Electrolyte Bath Compositions  

There are four main metal coatings that are investigated for electrodeposition on the         

3D-printed electrodes. Nickel is one of the metals electroplated among the four metals. 
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Other metals include copper, iron, and molybdenum, which are coated on top of the nickel 

coating to determine their performance as an alloy. Further, iron and molybdenum are also              

co-deposited together to improve the adhesive and corrosive properties of the metals. For 

the conductive PLA 3D-printed electrodes, Copper is also coated without plating with 

nickel first of investigated the strength and performance of copper on its own. The 

compositions of the chemicals used to prepare the electrodes varies depending on the metal 

being coated. In addition, different compositions are considered for different methods to 

investigate if there is a significant difference. All electrolyte baths are prepared in 200 ml 

of distilled water. This section discusses the compositions of different chemicals used 

based on recommendations from the literature, as well as the modified versions which are 

investigated. The prepared baths with the initial concentration are reused for other coatings 

of the same metal. It is a common practice to use electrolyte baths in metal coatings if 

parameters such as pH level, temperature, and conductivity of the bath are controlled. The 

baths after each coating are closely monitored for pH, conductivity, and temperature. The 

baths are cooled before using them for a new coating, and additional chemicals are added 

from time to time to increase the conductivity. The pH of all baths is adjusted with sulfuric 

acid (for too-basic solutions) and sodium hydroxide (for too-acidic solutions) until the 

desired pH is reached. Electrolyte baths are changed from time to time when needed.  

3.3.3.1 Nickel Electrolyte Bath 

For nickel electroplating generally nickel sulfate (NiSO4·6H2O), nickel chloride 

(NiCl2·6H2O), and boric acid (H3BO3) are used in combination for nickel 

electrodeposition. Nickel sulfate serves as a source of ions for electrodeposition, whereas 

nickel chloride is supposed to help dissolve nickel chloride (in the case of a nickel 

electrode). In addition, nickel chloride can improve the conductivity of the bath and result 

in harder nickel deposits. Boric acid is used as a buffer to increase conductivity and prevent 

the formation of hydroxides which can cause inefficient and poor plating. Huner et al. [45] 

used an electrolyte bath for nickel deposition on 3D-printed electrodes with the following 

compositions 132 g/mL nickel sulfate, 0.05 g/mL nickel chloride, and 0.0125 g/mL boric 

acid. They prepared the bath with 100 ml of deionized water. This composition used by 

them was modified to accommodate a 200 ml electrolyte bath. Further, reduced 
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compositions from the recommended are also considered to see if there are any significant 

differences.  

The actual electrolyte bath used for nickel electrodeposition slightly differs for different 

approaches. For the nickel conductive painted (NCP) coated 3D-printed electrodes, the 

initial composition used for baths is half of the used by Huner et al. [45] which will be 

referred to as X in the thesis for simplicity. Composition X is composed of 13.2g of nickel 

sulfate, 2.5g of nickel chloride, and 1.25g of boric acid in 200 ml of distilled water. The 

composition of chemicals used based on Huner et al. studies is double of composition X 

and will be referred to as Y. Bath with composition Y is composed of 26.4g nickel sulfate, 

5g nickel chloride, 2.5g boric acid in 200 ml.   

For the electrodeposition of all conductive PLA 3D-printed electrode coatings, the same 

composition as Y is used (26.4g nickel sulfate, 5g nickel chloride, 2.5g boric acid). The 

composition of bath X is successful; however, bath Y is easier to coat the electrodes. One 

big difference is the conductivity of the bath which is less for X since it is composed of 

half of less chemical compositions as compared to Y. The conductivity of bath Y is 

measured as 4082 S/cm as compared to 3060 S/cm for X. The electrodes are 

electroplated between a pH of 3.5 and 4.5. For conductive PLA 3D-printed electrodes, it 

becomes more crucial to control and adjust the pH. After a few coatings, the pH of the 

nickel bath significantly fluctuates and becomes more acidic (approx. 0.9 – 1 pH). In this 

condition, it takes longer for the nickel ions to deposit on the electrode surface, and at times 

the reaction does not occur at all.  

The possibility of using a nickel electrolyte bath without nickel chloride is also explored 

for the conductive PLA 3D-printed electrodes. The bath works very well with an addition 

of sulfuric acid which works as a substitute for nickel chloride and increases the rate of the 

reaction to deposit the nickel ions on the electrode surface. Very less amounts of sulfuric 

acid are required, 0.1 ml to 0.5 ml is added to the bath depending on the pH. 

3.3.3.2 Copper Electrolyte Bath 

For a copper electrodeposition bath copper sulfate (CuSO4.5H2O) can be used as a source 

of copper ions. Generally, sulfuric acid is used along with copper sulfate to increase the 
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conductivity of the bath and adjust the pH. Huner et al. [45] uses a composition of 125 g/L 

copper sulfate and 10 ml sulfuric in 100 ml deionized water to electroplate copper on the 

3D-printed electrodes first coated with nickel. A similar composition to their study is used 

to coat the electrodes with copper. The solution used is prepared in 200 ml distilled water. 

The composition is kept the same for all coatings. The bath consists of 25g copper sulfate 

with approximately 0.1 to 0.5 ml sulfuric acid with a pH of 2.5 to 3. The amount of sulfuric 

acid is significantly reduced from the amount used by Huner et al. [45]. This is done after 

measuring the pH of the solution using 5 ml sulfuric acid in a 200 ml solution which is 

measured as 0.5 pH and is way too acidic. All coatings are applied at a room temperature 

of 24 C. Studies have found that the conductivity of the copper electrolyte bath decreases 

as temperature increases. In fact, several studies have looked at copper electrodeposition 

at freezing temperature for improving conductivity of the bath. The measured conductivity 

at room temperature is 4094 S/cm, Figure 3.10 illustrates that the measured conductivity 

of bath is decreased as the temperature of bath increases.  

 

Figure 3.10 Conductivity of the copper electrolyte bath with increase in bath temperature 

3.3.3.3 Iron and Nickel Iron Co-deposition Electrolyte Bath 

An iron electrolyte bath with the composition of 33.3g of iron sulfate, 8.4g of iron chloride, 

and 2.67g of ammonium chloride in 200 ml of distilled water is prepared for 

electrodeposition of iron. The electrodes are first coated with nickel and then iron is plated. 
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The conductivity of the bath is measured as 4092 S/cm and the pH was as 3.5. 

Electroplating of iron alone resulted in rust formation after a day. To improve corrosive 

properties, nickel and iron are also co-deposited with and without the initial nickel coating. 

The composition of the electrolyte bath used is 13.2g of nickel sulfate, 1.11g of iron sulfate, 

and 1.23g of boric acid. The nickel-iron plating on the conductive surface PLA resulted in 

an inconsistent surface and some rust after taking it out of the bath. Co-deposition of nickel 

and iron is found successful when nickel is coated first on the conductive PLA 3D-printed 

electrode. This is directly due to the increase in nickel which improves the strength of the 

alloy and is more corrosion resistant.  

3.3.3.4 Molybdenum Electrolyte Bath 

Based on the literature, use of ammonium in molybdenum electrodeposition showed 

promising results. Cao et al. [40] used sodium molybdate with the addition of ammonium 

sulfate as the source of ammonium ions. A similar approach is taken for molybdenum 

electrodeposition except ammonium molybdate is used with the addition of sodium 

hydroxide to adjust the pH of the bath to 7. This electrolyte bath is used for nickel 

conductive painted (NCP) 3D-printed electrodes. For the electrolyte bath for conductive 

PLA 3D-printed electrodes, the pH is 5 and there was no addition of sodium hydroxide. 

All molybdenum coated are coated after the electrodes are plated with nickel first. 

Molybdenum is also co-deposited with nickel for comparison. The addition of sodium 

hydroxide is found to be necessary. The electrolyte without the use of sodium hydroxide 

resulted in a non-adhesive coating for the conductive 3D-printed electrodes. This was 

directly due to increased hydroxide layers formed which resulted in a portion of the 

molybdenum coating coming apart once current was applied during testing. 

3.3.4 Electrochemical Testing 

A major part of the thesis consists of electrochemical testing. Table 3.1 shows the 

components used in electrochemical testing. The Gamry reference 3000 

potentiostat/galvanostat is used to conduct electrochemistry testing. Part of the setup, an 

Ag/AgCl electrode is used as a reference electrode placed in between the counter and the 

working electrode. A 25 mm by 50 mm platinum-coated titanium mesh is used as the 
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counter electrode. For the working electrode, the coated electrodes are used. The 

electrochemistry testing setup was tested in 400 ml of distilled water first, then in a 1 mol 

KOH solution in 400 ml prepared in distilled water. The electrochemistry system setup 

along with the Gamry Reference 3000 potentiostat is shown in Figure 3.8.  

Table 3.3 Electrochemistry testing setup components 

Component  Image Description 

Gamry 

Reference 

3000 

Potentiostat/ 

Galvanostat 

 

Used for electrochemistry 

analysis. Is used to perform 

cyclic volumetry, linear 

sweep voltammetry, and 

electrochemical impudence 

spectroscopy analysis. 

Ag/AgCl 

Reference 

Electrode 

 

 

Reference electrode used in 

electrochemical testing setup. 

Platinized 

Titanium 

Mesh 

electrode  

 

Counter electrode for 

electrochemical testing. 

Dimensions: 50 mm (length) 

by 25mm (width).  

 

There are various steps involved in collecting electrochemical measurements. The Gamry 

potentiostat has to be set up with the software to run the experiments. To record the 

measurements Gamry Instrument Framework software is used. The potentiostat and  

galvanostat is first calibrated in the software for DC and AC measurements before testing. 

Figure 3.11 illustrates the Universal Dummy Cell (UDC) which is used as part of the 

Gamry to calibrate the potentiostat. The corresponding colours are colour coded on UDC 

and are also shown.  
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Figure 3.11 Gamry calibration configuration and Uuniversal Dummy Cell [76] 

The cables with their corresponding colour are connected to the corresponding component 

in the electrochemistry setup. The working sense is first connected with the working cable 

before connecting it to the working electrode (3D-printed coated electrode). There are three 

main analysis that the Gamry Reference 3000 is used to perform in Gamry Framework. 

Cyclic voltammetry, linear sweep volumetry, and electrochemical impudence spectroscopy 

analysis are performed, and the corresponding measurements are recorded.  

3.4 Experimental Uncertainty and Error Analysis  

Error analysis is performed to be able to effectively evaluate the experiments and the results 

obtained. It is important to access the uncertainties associated with the experimental 

components used to take measurements. Errors in the experiment can directly impact the 

results if not assessed. Table 3.4 shows the different errors associated with the different 

experimental components used. The errors are obtained for each corresponding component 

form the manual provided by the manufacturer. The experimental uncertainties can be 

associated with systematic errors and random errors. Systematic errors are those that are 

caused by the equipment itself. These are generally provided by the manufacturer. For this 

study, the systematic errors are provided in Table 3.4 for the components used in the 

experiments. 
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Table 3.4 Experimental components and equipment errors 

Component  Parameter  Error/Accuracy 

Wanptek DC Power Supply 

DPS3010 U 

Input Voltage ± 10% 

Accuracy  0.5% + 3 digits 

Mettler Toledo AB204-S  Mass ± 0.2 mg  

Fisher Scientific Stirring 

Hotplate  

 

Stirring Speed  ± 2.0%  

 

Heating  ± 10.0°C  

Mastercraft Temperature 

Reader  

 

Temperature (between  

0 – 100 C)  

± 2.0%  

 

Vernier Conductivity Probe Conductivity (high 

range) 

± 2% Custom Calibration 

± 4% Custom Calibration 

Corning 450 pH/ion meter pH ±0.001 

Adrino hydrogen sensor  Under standard 

detecting conditions  

≥5% (only approximated 

trend is reflected by the 

sensor) 

 

Mastercraft 052-0060-2 

Multimeter 

Resistance (Range)  200Ω: ±1.2%+5 

2kΩ, 20kΩ, 200kΩ: 

±1.0%+5 

2000kΩ: ±1.5%+5 

Gamry Reference 3000 

Potentiostat/ Galvanostat 

Applied potential ≤ 0.1% ± mV offset 

Current < 0.2%  

Random errors are categorized as those that resulted in the actual experiments. There are 

many factors that can contribute to random errors. These could include human error or 

other factors that can cause fluctuations in the data gathered. Random errors can only be 

determined using measured data. To eliminate and evaluate random errors, the experiments 

and the measurements taken are repeated three times. The uncertainty related to the 

different measured parameters can be calculated by equation 4.23: 

𝑈 = √(𝑅2 + 𝑆2)           (3.1) 

where U is the experimental error (%), R is the random error (%), and S is the systematic 

error (%).  

The random errors can be calculated by equation 3.2: 

𝑅 =
𝑆𝐷

𝐴𝑉𝐺
 × 10          ( 3.2) 
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where R is the error (%) due to random errors, SD is the standard deviation, and Avg is 

the average of the measurements recorded.  

 

The uncertainty of the measured parameters is evaluated using this approach. Table 3.5 

shows the experimental uncertainties calculated based on systematic and random errors. 

To calculate the random error, three different measurements are taken for each parameter.  

Table 3.5  Experimental uncertainties for measured parameters 

Component Measured 

Parameter 

Reference 

Measurement 

Systematic 

Error (%) 

Random 

Error (%) 

Uncertainty 

(%) 

1 2 3 

Mastercraft 

Temperature 

Reader  

Temperature 

(C) 

24 25 24 2 2.37 3.10 

Vernier 

Conductivity 

Probe 

Conductivity 

(S/cm) 

4098 4092 4088 4 0.12 4.00 

HQ-8 

hydrogen 

sensor 

Concentration 

(ppm) 
529 579 587 5 5.56 7.48 

Mastercraft 

052-0060-2 

Multimeter 

Resistance 

() 

1.4 1.3 1.4 1.2 4.22 4.39 

Gamry 

Reference 

3000 

Potentiostat/ 

Galvanostat 

Current 

Density 

(mA/cm2) 

53.62 56.41 54.52 0.3 2.58 2.60 

 

The key measurement parameters used to evaluate the performance of the coated 3D-

printed electrodes are the current density, and the concentration of the hydrogen. The 

uncertainty for the hydrogen concentration is very high (7.48%). The % uncertainty in the 

measurement is due to the sensor itself. This error can drastically increase if the 

measurements are taken outside of the standard conditions specified for measurements. In 

addition, the concentration of oxygen can also have an impact. To minimize the uncertainty 

error, the hydrogen measurements are taken three times, and the average of the three is 

used to evaluate the results.  
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4. CHAPTER 4: MODELLING AND ANALYSIS 

This chapter of the thesis presents the various analyses performed. Part to the different 

coatings considered, electrochemical analysis is performed. The various electrochemical 

models used are also discussed and evaluated. Further, an analysis for the actual coatings 

deposited on the electrodes is performed. This considers the amount of coatings applied at 

the specific current and electrodeposition duration. This analysis considers the measured 

resistance of the different electrodes and evaluates the applied voltage which is required at 

the desired current. In addition, analysis related to prepared cathodes for hydrogen 

production is introduced. Thermodynamic analysis is performed, as well as the analysis 

used to evaluate the energy and exergy efficiencies is presented. Lastly, this section covers 

the error analysis related to different measurement components. The uncertainties of the 

measured parameters are analyzed.  

4.1 Electrochemistry Analysis  

Thermodynamic and kinetic analysis is performed as part of electrochemistry analysis. 

Thermodynamics analysis is introduced in this section to evaluate the reactions of the 

coating metals which occur part of electrodeposition. Kinetic analysis is presented to better 

understand the activities of the coated electrodes.  

4.1.1 Thermodynamic Analysis  

There are four main metallic coatings that are investigated at a time using electrodeposition. 

These consisted of nickel, copper, nickel-iron, and molybdenum. Further to the study, iron 

is also deposited on nickel-coated electrode, and copper directly on conductive PLA, and 

possibility of co-deposition of nickel-molybdenum is also explored. 

Nickel sulfate is used as the source of ions in the electrolyte bath for nickel 

electrodeposition. The half-reaction of the nickel deposition at the cathode is given as: 

𝑁𝑖2+ +   2𝑒− → 𝑁𝑖           (4.1) 

The dissolution of the nickel sulfate can be given as: 

𝑁𝑖𝑆𝑂4 → 𝑁𝑖2+ + 𝑆𝑂4
2−           (4.2) 
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For copper electrodeposition, copper sulfate is used as the source for the copper ions, and 

the half-reaction is given as:  

𝐶𝑢2+ +   2𝑒− → 𝐶𝑢          ( 4.3) 

The dissolution of the copper sulfate can be given as: 

𝐶𝑢𝑆𝑂4 → 𝐶𝑢2+ + 𝑆𝑂4
2−         ( 4.4) 

Iron is deposited using iron sulfate as the source of ions and nickel-iron is co-deposited 

using nickel sulfate and iron sulfate. The half-reaction for the deposition of iron can be 

given as:  

𝐹𝑒2+ +   2𝑒− → 𝐹𝑒           (4.5) 

The dissolution of the iron sulfate can be given as: 

𝐹𝑒𝑆𝑂4 → 𝐹𝑒2+ + 𝑆𝑂4
2−         (4.6) 

For nickel and iron co-deposition, the half reactions occur simultaneously and the Ni2+ and 

the Fe2+ are deposited at the same time as NiFe.  

Ammonium molybdate is use as the source of molybdenum ions for molybdenum 

electrodeposition. The half reaction is given as follows: 

𝑀𝑜6+ + 6𝑒− → 𝑀𝑜          (4.7) 

The dissolution of ammonium molybdate can be given as: 

(𝑁𝐻4)2𝑀𝑜𝑂4 → 2𝑁𝐻4
+ + 𝑀𝑜𝑂4

2−         (4.8) 

4.1.2 Kinetic Analysis  

Kinetic analysis is required to better understand the electrochemical activity of the prepared 

electrodes. Current density and overpotential are important parameters which can provide 

more insights into the behaviour of the electrodes. Overpotential is the difference in 

potential (voltage) that is required for an electrochemical reaction to occur versus the 

potential at equilibrium. The overpotential can be defined by equation 4.9 where 𝜂 is the 

overpotential (in volts) of the electrode. 𝜙𝐸  is the potential of the electrode and 𝜙 is 

potential at equilibrium. 
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𝜂𝑜 = 𝜙𝐸 − 𝜙            ( 4.9) 

The overpotential can be categorized by two main components, the activation 

overpotential, and the ohmic overpotential. The activation overpotential is related to the 

energy that is required by the electrode to continue the reaction. Several factors such as 

catalysts, electrode material, and the area of the electrode can impact the activation 

overpotential. Ohmic overpotential is associated with the resistance that is encountered as 

the current flows the electrodes and the electrolyte.  

The current density can be related with overpotential using the Butler-Volmer given as 

follows:  

𝐽 = 𝐽𝑜  [𝑒𝑥𝑝 (𝛼
𝜂𝑜,𝑠

2.303𝑅𝑇
) − 𝑒𝑥𝑝((1 − 𝛼)

𝜂𝑜,𝑠

2.303𝑅𝑇
)]       (4.10) 

The Butler-Volmer can be simplified based on some assumptions to drive the Tafel 

equation, which also relates the current density with the overpotential. The Tafel equation 

assumes backward or forward change transfer reactions, whereas the Butler-Volmer 

considers both forward and backward reactions. The Tafel equation is given as: 

𝐽 = 𝐽𝑜[𝑒𝑥𝑝 (𝛼
𝜂𝑜,𝑠

2.303𝑅𝑇
)]          (4.11) 

where 𝐽 is the current density, and 𝐽𝑜 is the exchange current density in 𝐴/𝑐𝑚2. 𝛼 is the 

transfer coefficient, used to indicate the fraction of the reaction which is involved in the 

charge transfer.  𝛼 is generally between 0 to 1 and can be taken as 0.5 for single electron 

transfer reactions. 𝜂 is the overpotential, 𝑅 is the ideal gas constant (8.314 𝐽/𝑚𝑜𝑙𝐾) 𝑇 is 

the temperature in Kelvins (K).  

4.1.2.1 Kinetic Measurement Models 

Kinetic analysis results can also be obtained through modeling and data collection. The 

Gamry Framework software used can collect cyclic volumetry (CV), linear sweep 

volumetry (LSV), and electrochemical impudence spectroscopy (EIS) measurements. Both 

CV and LSV are models that can be used to relate the current density of the electrode with 

its potential. The main difference between the two models is the potential and current 
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response at which the voltages are applied. CV applies a potential in the forward direction 

first, then the potential is reversed to measure the current response in both directions 

between a selected limit. CV can provide insights into the reversibility of the system and 

the redox activity of the electrode. LSV only applies a linear potential in the forward 

direction to measure the current response. LSV models can be useful in determining the 

overpotentials of an electrode at a specific current density. The LSV curve can be used to 

determine the potential at which the current density is zero. This potential is subtracted 

from the potential at the current density of interest for a particular electrode. 

Electrochemical impedance spectroscopy (EIS) is another electrochemical model which 

can be used to study the impudence behaviour of the electrode. EIS applies an alternating 

current across the electrode system for a range of frequencies. EIS measurements can be 

represented in Bode and Nyquist plots. Bode plots can be used to analyze the magnitude of 

the impudence and the phase angle over a range of frequencies. The Nyquist plot can be 

used to see the relation between the negative imaginary part of the impedance versus the 

real part of the impedance. Both models can be helpful in providing the resistive and 

capacitive activity of the electrode.  

4.2 Metal Deposition  

The amount of metal coating deposited during the electrodeposition is considered in this 

section. The metal deposited onto the electrode during electrodeposition can be calculated 

using the Faraday’s law as given as follows: 

W =
ItM

nF
          (4.12) 

where W is the amount of coating deposited on the electrode in grams (g), I is the current 

in amps (A), t is the deposition time in seconds (s), M is the molar mass of the metal plated 

(g/mol), n is the number of electrons involved and F is the Faraday’s constant (96485 

C/mol) 

4.2.1 Electrodeposition and Electrode Coating Parameters  

The coating parameters used during electrodeposition for the different coatings considered 

are presented. The amount of metal deposited for each coating is calculated and given in 
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this section. Based on traditional electrodeposition techniques, the current at which each 

coating is performed is selected. For nickel, electrodeposition is typically performed at a 

current density of 0.025 A/cm2. Copper can be electrodeposited at a wide range of current 

densities depending on the coating amount and temperature. Typically, up to a current of 

0.03 A/cm2 has proven to be successful. The current density for iron varies, and generally, 

iron is co-deposited with other metals due to its high tendency to corrode. Molybdenum is 

typically electrodeposited at a higher current density. In neutral electrolyte baths, 

molybdenum has successfully been electrodeposited with a current density of 0.4 A/cm2.  

4.2.1.1 3D-Printed and Nickel Conductive Paint Coated Electrodes 

The electrodeposition parameters used for coating the nickel conductive paint (NCP) 

coated over the 3D-printed electrodes are outlined. The calculated deposition amounts for 

each coating is also presented. Table 4.1 shows the electrodeposition for parameters used 

to coat the three nickel alloys considered. For all coatings listed, nickel is coated first on 

the electrode and then the alloy is coated. For iron and nickel, both are co-deposited 

together on top of the initial nickel coating. All deposition amounts for the nickel coating 

are the same.  

Table 4.1 Electrodeposition parameters for nickel alloy coatings for NCP electrodes 

Sample Current 

(A) 

Time (h) Deposition 

(g) 

Current 

(A) 

Time 

(h) 

Deposition (g) 

Ni-Cu Nickel Copper 

0.8 3 2.62 0.7 3 2.49 

Ni-Fe Nickel Nickel Iron Co-deposition 

0.8 3 2.62 0.8 3 2.62Ni, 2.5Fe 

Ni-Mo Nickel Molybdenum 

0.8 3 2.62 1.2 3 2.14 

 

Table 4.2 shows the electrodeposition parameters and the deposition amounts of the 

different nickel NCP 3D-printed samples coated. The different paint specifications used to 

prepare the 3D-printed electrodes for electrodeposition are also listed in this table. 
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Table 4.2 Electrodeposition parameters for nickel coated NCP electrodes 

Sample Specification  Electrolyte 

Composition  

Time 

(h) 

Current 

(A)  

Deposition 

(g) 

A 1 coat of acrylic-based nickel 

paint and thermal heat dried 

X                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  3 0.8 2.62 

B 2 coats of acrylic-based 

nickel paint and thermal heat 

dried 

X 4 0.8 3.49 

C 2 coats of acrylic-based 

nickel paint and air dried 

X 3  0.8 2.62 

D 2 coats of acrylic-based 

nickel paint and thermal heat 

dried 

Y 3 0.8 2.62 

E 1st coat of water-based paint, 

2nd coat of acrylic-based 

nickel paint, and thermal heat 

dried  

Y 3  0.8 2.62 

F 1st coat of acrylic-based paint, 

2nd coat of water-based nickel 

paint, and air dried 

X 3 0.8 2.62 

G 2 coats of acrylic-based 

nickel paint and air-dried 

Y 3  0.8 2.62 

H 2 coats of water-based nickel 

paint and thermal heat dried 

Y 3 0.8 2.62 

I 1st coat of water-based paint, 

2nd coat of acrylic-based 

nickel paint, and air dried 

Y 3  0.8 2.62 

J 2 coats of acrylic-based 

nickel paint and thermal heat 

dried 

Y 4 0.8 3.49 

K 2 coats of acrylic-based 

nickel paint and air dried 

Y 3  0.8 2.62 

 

4.2.1.2 Conductive PLA Electrodes 

The parameters used to coat the CPLA 3D-printed electrodes are presented for each 

coating, in addition, the coating deposition amount is also listed. Table 4.3 shows the 

parameters and the coating for the four different depositions considered for the             

nickel-coated samples. All nickel-coated samples are proportional, Ni2x has double to 

amount of coating as Ni1x, Ni3x has three times of Ni1x and so forth.  
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Table 4.3 Electrodeposition parameters for nickel coated CPLA electrodes 

Nickel Sample Current (A) Time (h) Deposition (g) 

Ni1x 0.8 1 0.87 

Ni2x 0.8 2 1.75 

Ni3x 0.8 3 2.62 

Ni4x 0.8 4 3.49 

 

Table 4.4 presents the parameters for the nickel-copper coated samples. First nickel is 

coated on the 3D-printed electrodes before coating with copper. The amount of the nickel 

coating is the same for all nickel-copper samples. The deposition amount of the copper 

coating is different for each. Ni-Cu1x and Ni-Cu2x are coated at the same current, only the 

electrodeposition time is doubled for Ni-Cu2x. Ni-Cu3x is coated at a lower current, but 

the electrodeposition time is increased.  

Table 4.4 Electrodeposition parameters for nickel-copper coated CPLA electrodes 

Nickel-

Copper 

Sample  

Nickel Coating Copper Coating 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Ni-Cu1x 0.8 2 1.75 0.7 1 0.83 

Ni-Cu2x 0.8 2 1.75 0.7 2 1.66 

Ni-Cu3x 0.8 2 1.75 0.6 4 2.84 

 

Table 4.5 shows the electrodeposition parameters used to prepare the nickel-molybdenum 

samples. The electrodes are coated with nickel first, then molybdenum is coated. Two 

different deposition amounts of molybdenum are considered. Ni-Mo2x has two times more 

of the molybdenum coating as Ni-Mo1x. Both samples contain the same amount of nickel.  

Table 4.5 Electrodeposition parameters for nickel-molybdenum coated CPLA electrodes  

Nickel-

Molybdenum 

Sample 

Nickel Coating Molybdenum Coating 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Ni-Mo1x 0.8 2 1.75 1.2 2 1.43 

Ni-Mo2x 0.8 2 1.75 1.2 4 2.85 

 

Table 4.6 shows the parameters for some other coatings which are considered. Main 

differentiation for the NiFe and NiMo samples is that the two metals are co-deposited 
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without coating the electrodes with nickel first. Copper is also coated on one of the samples 

directly on the conductive PLA without another metal.  

Table 4.6 Electrodeposition parameters for other metal coatings for CPLA electrodes 

Sample Current (A) Time (h) Deposition (g) 

NiFe Co-deposition 0.8 3 4.37 Ni, 2.50 Fe 

NiMo Co-deposition 1.2 4 5.24 Ni, 2.85 Mo 

Cu 0.8 2 1.90 

 

4.2.1.3 Conductive PLA Printed Flow Through Electrodes 

The parameters used to coat the flow through CPLA 3D-printed electrodes are presented 

in Table 4.7. Only three samples for the flow through electrodes are considered.          

Nickel-copper and nickel-iron are coated in a similar manner to the other coated electrodes. 

For the nickel alloys, nickel is coated first on the conductive PLA then copper, and nickel-

iron are coated on the samples. The amounts of nickel and the alloy deposited on the 

electrodes are shown. 

Table 4.7 Electrodeposition parameters for metal coatings on D2 electrodes 

Metal 

Coating 

Nickel Coating Other Metal 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Current 

(A) 

Time 

(h) 

Deposition 

(g) 

Ni 0.8 3 2.62 - - - 

Ni-Cu 0.8 2 1.75 0.7 2 1.66 

Ni-Fe 0.8 4 3.5 0.8 2 1.67 

 

4.2.2 Voltage Supplied and Electrode Resistance   

The resistance of the 3D-printed electrodes is measured before and after electrodeposition. 

In the case of nickel conductive paint coated first, the resistance of the electrodes is also 

measured after each coat. The Ohms law can be used to evaluate the relation between 

resistance, current and voltage. The Ohms law is given by equation 4.13: 

𝑉 = 𝐼 × 𝑅             (4.13) 
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where V is the voltage in volts (V), I is the current in amps (A) and R is the resistance in 

Ohms (). Based on the relation, at a given current, higher voltage will need to be supplied 

if the resistance is high. This can be used to evaluate the fluctuation in the voltage supplied 

by the power supply at different resistances. Table 4.8 shows the resistance of the nickel 

coated samples measured for different scenarios. The voltage which would be required to 

coat the electrode at the given current is also shown. At higher resistances, more voltage is 

required to coat the electrode at the same current.  

Table 4.8 Measured resistances for nickel-coated NCP 3D-printed electrodes 

Sample Resistance 

after 1st nickel 

paint coat () 

Resistance 

after 2nd nickel 

paint coat () 

Resistance after 

electrodeposition -

nickel () 

Current 

(A) 

Voltage at 

start (V) 

A 6.1 3.6 1.4 0.8 2.88 

B 6.4 3.3 0.6 0.8 2.64 

C 4.5 4.0 0.9 0.8 3.2 

D 6.3 3.5 1.0 0.8 2.8 

E 7.8 4.1 1.4 0.8 3.28 

F 3.5 2.7 0.7 0.8 2.16 

G 5.3 4.6 1.3 0.8 3.68 

H 4.3 3.0 0.8 0.8 2.4 

I 4.4 3.1 0.8 0.8 2.48 

J 4.5 3.2 0.5 0.8 2.56 

K 4.5 3.4 1.1  0.8 2.72 

 

Table 4.9 shows the voltage required at the start and the end of electrodeposition for second 

metal coating for NCP 3D-printed electrodes. The starting voltage is reduced as result of 

the nickel coating which is electrodeposited on the paint first. The voltage is adjusted 

accordingly during electrodeposition as the plating process progresses to maintain the 

current at a constant rate. 

Table 4.9 Measured resistances for metals on nickel-coated NCP 3D-printed electrodes 

Coating 

Metal 

Resistance 

before () 

Resistance 

after () 

Current (A) Voltage at 

start (V) 

Voltage at 

end (V) 

Cu 1.4 1.1 0.7 0.98 0.77 

Fe 1.3 0.9 0.8 1.04 0.72 

Mo 0.8 1.8 1.2 0.96 2.16 
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Table 4.10 shows the measured resistances and the voltage required for electrodeposition. 

For the nickel coatings, a much higher voltage is required for electrodeposition due to the 

high resistance of the conductive PLA. Coating the electrode with nickel first is beneficial 

to coat with the alloys since the required voltage significantly decreases. For co-depositing 

the alloys together, it is difficult to implement this approach. It is much more complex to 

coat two metals at once using a higher voltage. Applying a higher voltage at the start for 

co-deposition coatings didn’t expedite the electrodeposition process at the start and resulted 

in the deformation of the PLA. 

Table 4.10 Measured resistances for coatings on CPLA 3D-printed electrodes 

Sample Resistance 

before () 

Resistance 

after () 

Current 

(A) 

Voltage at start 

(V) 

Voltage at end 

(V) 

Ni1x 1400 0.8 0.8 1120 0.64 

Ni2x 13800 0.7 0.8 11040 0.56 

Ni3x  14100 0.7 0.8 11280 0.56 

Ni4x 1400 0.7 0.8 1120 0.56 

Ni-Cu 0.7 0.6 0.7 0.49 0.42 

Ni-Fe 0.7 0.5 0.8 0.56 0.4 

Ni-Mo 0.7 1.5 1.2 0.84 1.8 

 

4.3 Thermodynamic Analysis and Hydrogen Yields  

Thermodynamic analysis is performed to evaluate the performance of the electrodes for 

hydrogen production as the cathode Direct current is applied at the anode and the cathode 

to split water. The oxygen and hydrogen are produced as the resulting gasses from the 

reaction. The reaction at the anode, the cathode, and the overall reaction is given by 

equations 4.14 to 4.16. The following oxygen evolution reaction occurs at the anode: 

𝐻2𝑂(𝑙)  →
1

2
 𝑂2(𝑔)

+ 2𝐻(𝑔)
+ + 2𝑒−  𝐸 = 1.23 𝑉    (4.14) 

The following hydrogen evolution reaction occurs at the cathode: 

2𝐻2𝑂(𝑙) + 2𝑒− → 𝐻2(𝑔) + 2𝑂𝐻(𝑎𝑞)
−     𝐸 = 0.85 𝑉    (4.15) 

The overall reaction of the electrolysis is given as follows:  
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2𝐻2𝑂(𝑙) → 𝑂2(𝑔)
+ 2𝐻2(𝑔)

         (4.16) 

The activation and ohmic overpotentials can also be defined for electrolysis. The activation 

potential of the anode can be defined as follows:  

𝜂𝑎𝑐,𝑎 =
𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1(

𝐽

2𝐽0,𝑎
)           (4.17) 

The activation potential of the cathode can be defined as:  

𝜂𝑎𝑐,𝑐 =
𝑅𝑇

𝐹
𝑠𝑖𝑛ℎ−1(

𝐽

2𝐽0,𝑐
)         (4.18) 

The ohmic overpotential assuming the resistance only arises due to the flow of current 

through the current would be given by equation 4.17: 

𝜂𝑜ℎ =  𝜂𝑜ℎ,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 = 𝐼𝑅𝑒𝑙𝑒𝑐         (4.19) 

where I is the current and 𝑅𝑒𝑙𝑒𝑐 is Resistance of the electrolyte. The current (I) be found by 

multiplying the current density (J) with the area of the electrode. The potential of the 

electrolysis can be calculated as follows: 

𝑉 = 𝑉0 + 𝜂𝑎𝑐,𝑎 +  𝜂𝑎𝑐,𝑐 + 𝜂𝑜ℎ            (4.20) 

The energy and exergy efficiency can be expressed for the electrolysis using the energy 

inputs and outputs. The energy efficiency of the system is given as: 


𝑒𝑛

 =
�̇�𝐿𝐻𝑉

�̇�𝑖𝑛
          (4.21) 

The exergy efficiency of the system is given as: 


𝑒x

 =
�̇�𝑒𝑥𝑐ℎ

𝐸�̇�𝑖𝑛
     (4.22) 

where LHV is the low heating value of hydrogen (120 MJ/kg), �̇� is the mass flow rate of 

the hydrogen produced, and 𝑒𝑥𝑐ℎ (116.6 MJ/kg) is the chemical exergy. �̇�𝑖𝑛 is the energy 

input into the electrolysis. Only electrical power (�̇�𝑖𝑛 = 𝑉𝐼) is input into the system 

therefore energy input is equal to the exergy input. 
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5. CHAPTER 5: RESULTS AND DISCUSSION 

The 3D-printed electrodes which are coated are further tested using electrochemical models 

with the Gamry Reference 3000. The electrochemical measurements taken included cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical impudence 

spectroscopy (EIS). All electrodes prepared are tested, these include the NCP 3D-printed 

electrodes, the CPLA printed electrodes, as well as the flow through (D2) electrodes. CV 

and LSV measurements are taken and compared in 1 mol KOH in 400 ml distilled water 

solution. Additionally, some electrodes are tested in just distilled water to compare the 

performance without the addition of 1 mol KOH. This section presents the results which 

are collected from the electrochemical measurements. The coated electrodes and obstacles 

encountered during electrodeposition are also discussed.  

5.1 Coated Electrodes and Deformations  

This portion of the thesis presents the coated 3D-printed electrodes which are obtained 

using electrodeposition. The conductive PLA 3D-printed electrodes coated directly with 

various coatings are shown in Figure 5.1. 

        

                                                  (a)                                     (b)                             

        
                                                  (c)                                      (d)  

Figure 5.1 Coated CPLA 3D-printed electrodes (a) Ni (b) Ni-Cu (c) Ni-Fe (d) Ni-Mo 
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The coatings for the CPLA 3D-printed electrodes are very consistent compared to 

electroplated nickel conductive paint (NCP) coated 3D-printed electrodes. This is due to 

the uneven coatings of conductive paint, which is hard to control since the acrylic-based 

conductive paint is dense and hard to apply. The water-based nickel conductive paint used, 

resulted in deformations of the coatings after electrodeposition. Some electrodes are tested 

by applying one coat of water-based paint first and a second coat of acrylic paint (very 

stable for electrodeposition). However, due to the electrolyte, the underneath layers with 

the water-based conductive paint created pockets under the coated surface. The acrylic 

conductive painted 3D-printed electrodes worked well with electrodeposition, and no 

deformation in the coatings are noticed. However, some spots have more of the nickel 

coating, and resistance across the painted surface is inconsistent. There are some dark spots 

noticeable after electroplating. This is a result of a higher current distribution in some areas 

of the electrodes. This is noticed essentially around the area where the current is applied 

on the electrode for electrodeposition. Another disadvantage with using conductive paint 

to make the 3D-printed part conductive is that complex shapes are difficult to coat with the 

paint first.  Figure 5.2 shows the nickel, nickel-copper, and nickel-iron coated flow through 

(D2) electrodes. The D2 electrodes are first printed with the conductive PLA and then 

coated using electrodeposition. Printing the flow-through electrodes with the                      

non-conductive PLA would be challenging since it would be hard to paint them with the 

conductive paint for electrodeposition.   

 

(a)                                        (b)                                       (c) 

Figure 5.2 Coated flow through CPLA 3D-printed Electrodes (a) Ni (b) Ni-Cu (c) Ni-Fe 
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The flow-through electrodes have tiny holes which make them hard to coat with the 

conductive paint first before electrodeposition. In addition, it would also take a longer time 

to prepare the electrodes with the nickel conductive paint approach. The conductive PLA 

3D-printed electrodes are ready for electrodeposition directly after ultrasonic cleaning. 

Whereas the electrodes printed with non-conductive PLA have to be cleaned then painted 

with conductive paint and dried for 24 hours after every coat (alternatively dried with the 

heat gun for 1 hour speeded up the process). Although the CPLA 3D-printed electrodes 

approach is much faster, the electrodes are much harder to coat compared to NCP              

3D-printed electrodes. The resistance of the CPLA is much higher than the NCP, therefore 

the applied current at the same voltage is much lower for CPLA 3D-printed electrodes. To 

overcome this, the applied voltage is increased at the start to 10 V from 4 V (for NCP) until 

the plating process started, and when the applied current is observed to increase the voltage 

is reduced. The parameter for electrodeposition has to be controlled much more carefully 

for CPLA 3D-printed electrodes. Figure 5.3 shows some deformations which results due 

to various reasons while coating the CPLA 3D-printed electrodes.  

  

(a)                                        (b)                                       (c) 

Figure 5.3 Deformations while coating (a) breakage due to high voltage (b) impurities as 

a result of the PLA surface (c) pockets underneath coatings after testing 

Initially, applying a very high voltage for a long period of time during electrodeposition 

caused the coating to break apart from the PLA surface as seen in Figure 5.3 (a). The 

coatings which did not break are inconsistent (tiny holes are noticed) which is a direct result 

of impurities in the PLA. This also caused the water to go underneath the coating during 

electrochemical testing, which eventually resulted in pockets forming between the coated 
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metal layer and the PLA surface as seen in Figure 5.3 (c). This is easily fixed by cleaning 

the electrodes in an ethanol-methanol with distilled water solution bath in the ultrasonic 

cleaner. First, the electrodes are only cleaned in distilled water with the ultrasonic cleaner, 

which results in the impurities shown in Figure 5.3 (b)-(c). Electrodes aging is another 

impurity to consider. After a few tests, the performance of some electrodes declined 

depending on the coatings they are coated with.  

5.2 3D-printed with Nickel Conductive Paint Coated and Electroplated Electrodes 

First, the nickel conductive paint (NCP) coated 3D-printed electrodes are electroplated 

with nickel and then with nickel and various catalysts. The coated electrodes are tested in 

an electrochemistry setup. The results obtained for these electrodes are discussed in this 

section.  

5.2.1 Nickel Electrodes  

Various nickel electrodes are prepared using electrodeposition for the NCP coated            

3D-printed electrodes. Main differentiation between the samples is the method they are 

prepared with. There are two types of nickel conductive paints which are used, acrylic 

based, and water based. During electrodeposition, the NCP coated electrodes with the water 

based broke part directly due the paint layer being separated from the 3D-printed electrode 

surface, therefore these electrodes are not tested. The samples which had no deformations 

are the ones coated with the acrylic based nickel paint which worked very well for 

electrodeposition. The specification of each sample differed based on the number of coats 

which are applied, as well as how the paint is dried. Table 4.2 lists the different 

specification of the electrodes on how each sample is prepared before electrodeposition. 

Another difference between the electrodes is the electrolyte bath which is used. Some 

electrodes are coated with half of the composition (X) of nickel electrolyte bath (Y). 

Electrolyte bath X is composed of 13.2 g of nickel sulfate, 2.5 g of nickel chloride, and 

1.25 g of boric acid in 200 ml of distilled water. Electrolyte bath Y is composed of double 

the chemical compositions as bath X in the same amount of water (400 ml). All nickel 

electrodes are tested in distilled water, as well as a 1 mol KOH solution. Figure 5.4 shows 

the current densities of the nickel electrodes in water.  
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Figure 5.4 LSV measurements of nickel NCP 3D-printed electrodes in distilled water 

Figure 5.5 shows the current densities measured in the 1 mol KOH solution. Immediately 

a major shift in the current densities is seen from the ones tested in distilled water. The 

conductivity of water is very low compared to the potassium hydroxide solution which is 

one of the main reasons for this.  

       

Figure 5.5 LSV measurements of nickel NCP electrodes in 1 mol KOH solution 
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Figure 5.6 shows the LSV measurements just for the nickel-coated electrodes which are 

coated with the electrolyte bath composed with less chemical compositions. In comparison 

to the samples, Sample B is coated for 4 hours whereas the others are only coated for 3 

hours. There is a significant differencen which can be seen in the current densities for 

higher deposited coatings. 

      

Figure 5.6 LSV measurements of NCP 3D-printed electrodes coated with nickel bath of 

composition X 

Figure 5.7 represents the LSV measurements of the NCP electrodes which are coated with 

nickel using the electrolyte bath with composition Y. Sample J is the only sample coated 

for 4 hours and it had the highest current densities at the same potential compared to the 

other samples which are only coated for 3 hours (other electrodeposition parameters are 

the same). Sample A, B, and C which are coated with the bath with half the composition, 

the current densities tended to be lower for these electrodes. For the electrodes coated with 

bath with composition Y, it is important to note that the current densities fluctuated for the 

same electrodes with the same parameters used during electrodeposition. This is mainly 

due to uncontrolled factors during the nickel conductive painting processes. Although the 

amount of the nickel conductive paint applied is carefully applied to be the same on each 

electrode, there is still some error, and some paint coatings result in thicker than others. 
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The number of paint coats applied also plays a role in electrodeposition. Overall, the 

electrodes coated for a longer time, or at a higher current (with more thickness) have higher 

current densities. In this scenario, the electrodes coated for 4 hours have the best results.  

 

Figure 5.7 LSV measurements of NCP 3D-printed electrodes coated with nickel bath of 

composition Y 

5.2.2 Nickel Alloy Electrodes  

The NCP 3D-printed electrodes are also coated with nickel alloys to see the impact on the 

performance. First, the electrodes are coated with nickel, and the catalysts are coated to 

form nickel alloys. Three different alloy combinations are considered, nickel-copper, 

nickel-iron, and nickel-molybdenum. Similar to the nickel-coated electrodes, the alloy 

electrodes are also tested in distilled water as well as in 400 ml of 1 mol KOH solution. 

Figure 5.8 presents the CV measurements of the three nickel alloys in distilled water. As 

compared to nickel-coated electrodes, the current densities are slightly higher of the alloys, 

however they are still very low and would not perform very well just in water. This shows 

that the addition of potassium hydroxide is necessary to improve conductivity of the 

electrolyte.  
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Figure 5.8 CV measurements of nickel alloys coated NCP 3D-printed electrodes in 

distilled water 

Figure 5.9 shows the CV measurements for nickel alloy-coated electrodes in the 1 mol 

KOH solution. The current densities obtained in the solution are significantly higher. The 

curves obtained for the CV measurements represent an adequate current response. At lower 

potentials (~0V) the performance of the alloys is relatively similar. At higher potentials, a 

higher current density can be observed for the Ni-Mo alloy. 

 Figure 5.10 shows the LSV measurements of the nickel alloy electrodes. LSV 

measurements make it easier to observe the electrochemical behaviour of the electrodes 

when only considering the forward response. The performance of the Ni-Cu and Ni-Fe 

electrodes in this case is relatively similar. At higher voltages, Ni-Cu electrodes tend to 

have a slightly higher current density than the Ni-Fe electrode. Molybdenum-coated 

electrode have the highest current density in comparison to all three alloys. Traditional 

molybdenum electrodes have shown some promising results as catalyst. Electrochemical 

response of the nickel-molybdenum electrode shows potential for molybdenum coatings as 

catalyst for hydrogen evolution reactions.  
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Figure 5.9 CV measurements of nickel alloys coated NCP 3D-printed electrodes in 1 mol 

KOH solution 

 

           

Figure 5.10 LSV measurements of nickel alloys coated NCP 3D-printed electrodes in 1 

mol KOH solution 
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5.2.3 Impudence Measurements   

Electrochemical impedance spectroscopy (EIS) measurements are used to evaluate the 

impudence activity of the electrodes. The measurements for impedance are performed in  

1 mol KOH solution. Figure 5.11 shows the impedance magnitude over the frequency of 

0.1Hz to 10kHz. The impudence behaviour of the electrodes is very similar, the magnitude 

tends to decrease as higher frequencies are reached. The plot represents a stable impedance 

behavior, there is a very less shift in the magnitude of the impudence. 

     

Figure 5.11 Bode plot for magnitude for NCP 3D-printed coated electrodes 

Figure 5.12 represent the phase angle of the electrodes as the frequency is increased. The 

Ni-Cu, and Ni-Mo electrodes have a smoother phase shift, whereas the Ni electrode without 

any catalysts seems unstable in comparison. 

Figure 5.13 represents the Nyquist plots of the NCP 3D-printed coated electrodes. The 

measured negative imaginary part of the impudence is represented over the real part of 

impudence. The Ni electrode has a very high impudence compared to the nickel alloys. In 

comparison, nickel alloys have much lower impudence. The Ni-Fe electrode among Ni-Cu 

and Ni-Mo electrodes have the highest imaginary impudence over the real part. The   

nickel-copper electrode has the lowest impudence.  
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Figure 5.12 Bode plot for phase angle for NCP 3D-printed coated electrodes 
 

 

   
Figure 5.13 Nyquist plot for NCP 3D-printed coated electrodes 
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5.2.4 Overpotential Results 

The overpotentials are calculated based on the LSV measurements obtained for the NCP 

3D-printed and coated electrodes. Figure 5.14 represents the plot that is used to determine 

the potentials at the respective current densities. The plot also compares the LSV 

measurements of nickel to its alloys.  

 

Figure 5.14 LSV measurements used for overpotential calculation for NCP 3D-printed 

coated electrodes 

Figure 5.15 compares the overpotentials for the different electrodes at the current densities 

of 10 mA/cm2 and 20 mA/cm2. It can be observed that nickel has a higher overpotential 

compared to its alloys. The current density of the nickel electrode is very low compared to 

the alloy electrodes. The potentials at which the current density is zero, are recorded for 

the electrodes considered. The potentials at a current density of 10 mA/cm2 and 20 mA/cm2 

are measured. The measurements are determined very carefully ensuring precision using 

the Gamry Echem Analyst software. The overpotentials are determined at the 10 mA/cm2 

and 20 mA/cm2 ranges by subtracting the collected overpotential at a zero current density 

from the potentials at the respective current densities.  
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Figure 5.15 Overpotentials for NCP 3D-printed coated electrodes 

The nickel electrode in the figure represents Sample B of the nickel-coated NCP 3D-printed 

electrode. This sample is selected for comparison because it had the same electrodeposition 

parameters and electrode preparation techniques as the one used to coat the nickel for the 

alloy electrodes. The Ni-Mo electrode has the lowest overpotential at both current densities. 

For a current density of 20 mA/cm2 the overpotential drastically increases. However, for 

nickel this change is not significant as compared to Ni-Cu and Ni-Fe coated electrodes.  

5.3 Conductive PLA Electroplated 3D-printed Electrodes 

Electrochemical analysis and measurements are also performed for the conductive PLA 

(CPLA) 3D-printed electrodes. The analysis process is similar to the one for NCP              

3D-printed and coated electrodes. For the CPLA electrodes, the electrodes are coated with 

the same metals, nickel, and its alloys nickel-copper, nickel-iron, and nickel molybdenum. 

However, various coating approaches are explored with the CPLA electrode coating baths. 

Some of the coatings without coating the electrode with nickel first are investigated by co-

depositing the metals together. The results showed that first coating the electrodes is 

beneficial in improving the strength of the electrode. In addition, coating the electrodes 

before coating the alloy made the electrodeposition easier for the CPLA electrodes. Since 

the conductive PLA originally has a very high resistance, it is very hard to coat a lot of the 
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metals especially alloys together, which are more easily coated on other metals. The nickel 

electrodeposition is found to be the more efficient for coating the CPLA electrodes. The 

nickel coating electrolyte baths are found to be more effective in controlling the parameters 

of the bath in comparison to other electrolyte baths considered in the study.  

5.3.1 Nickel Electrodes  

For the CPLA-coated electrodes, only a few samples are prepared for comparison. The 

main differentiation between these electrodes is the deposition of the metal deposited on 

the electrodes. The same electrolyte bath with the same chemical compositions is used for 

the different nickel coatings. Figure 5.16 shows the CV measurements of four different 

depositions of the nickel coatings in distilled water. Electrode Ni1x is coated for 1h, Ni2x 

is coated for 2h, Ni3x for 3h, and Ni4x for 4h. All other electrodeposition parameters are 

kept the same therefore the nickel coatings are proportional to each other. The Ni2x has 

two times the coating of Ni1x. The sample Ni3x has 3 times coating amount of Ni1x, and 

Ni4x has approximately four times the coating amount of Ni1x.  

 

Figure 5.16 CV measurements of nickel-coated CPLA 3D-printed electrodes for different 

nickel depositions in distilled water 
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Figure 5.17 presents the CV measurements of the nickel coated CPLA 3D-printed 

electrodes for different nickel depositions in 1 mol KOH in 400 ml distilled water solution. 

The electrochemical activity of the nickel-coated electrodes is very low in distilled water. 

In comparison, nickel-coated electrodes for CPLA 3D-printed measured in the 1 mol KOH 

solution are significantly better. The performance of electrodes with deposition Ni1x, Ni2x, 

and Ni3x is relatively similar.  

 
Figure 5.17 CV measurements of nickel-coated CPLA 3D-printed electrodes for different 

nickel depositions in 1 mol KOH solution 

Figure 5.18 shows the LSV measurements of the different nickel depositions measured in 

1 mol KOH solution. A better understanding of the forward current response of the 

electrode can be obtained from this illustration. It can be observed that the electrode with 

deposition Ni4x (4 times the coating amount than Ni1x) has very good current density 

compared to the other three nickel compositions. Although there is not much of a difference 

in the amount of the nickel coating on Ni3x compared to Ni4x, still the relation of Ni3x is 

more similar to Ni1x, and Ni2x than Ni4x. The current density tends to significantly 

increase at a certain coating amount because the metallic properties of the electrodes are 

improved.  
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Figure 5.18 LSV measurements of nickel-coated CPLA 3D-printed electrodes for 

different nickel depositions in 1 mol KOH solution 

 

5.3.2 Nickel Alloy Electrodes  

The CPLA 3D-printed electrodes are further coated with nickel alloys to investigate their 

electrochemical behaviour. First, a nickel electrolyte bath is used to coat the electrodes, 

then the electrodes are coated with the alloy. Nickel-iron is co-deposited on top of the 

nickel coating to reduce the corrosion of iron.  When nickel is coated with just iron, the 

electrode rust after a few hours. In addition. Nickel-iron is also co-deposited by coating the 

electrode with nickel first, but adhesion between the layers is weak and the coatings comes 

apart easily. 

 Figure 5.19 shows the CV measurements for nickel alloys in water. The results in distilled 

water are similar to the other previous electrochemical measurements performed in water. 

It is evident that the addition of potassium hydroxide significantly increases electrode 

performance due to the increased conductivity of the electrolyte. Other factors not studied 

in the present study, such as temperature of the electrolyte may also improve performance. 



75 

 

     
Figure 5.19 CV measurements of nickel alloy coated CPLA 3D-printed electrodes in 

distilled water 

Figure 5.20 shows the CV measurements of the CPLA 3D-printed electrodes coated with 

alloys in 1 mol KOH solution. For the nickel alloy-coated electrodes, in distilled water 

there is no current backward current response. Both backward and forward responses are 

the same, and the current density is also very low. In 1 mol KOH solution, the current 

response of the electrodes is significantly higher. 

Figure 5.21 shows the LSV measurements for the nickel alloy-coated electrodes in 1 mol 

KOH solution. It can be noted from the figure that the current densities of the three alloys 

are very similar for higher potentials, at 2.1 V and above. For voltages between 0.9 V and 

1.7 V, the Ni-Cu electrode has a significantly higher current density compared to Ni-Fe 

and Ni-Mo. For nickel-molybdenum, the electrolyte bath used to coat the CPLA 3D-printed 

electrodes did not include sodium hydroxide, the pH is also lower compared to the bath 

used for the NCP 3D-printed coated electrodes. The molybdenum coating easily comes 

apart once current is applied to the electrode. The addition of sodium hydroxide with 

ammonium molybdate is necessary to reduce to the formation of hydroxides. Due to the 

coating coming apart from the nickel layer, there is a significant reduction observed in the 

current densities compared to the Ni-Mo coated NCP 3D-printed electrode.  
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Figure 5.20 CV measurements of nickel alloy coated CPLA 3D-printed electrodes in      

1 mol KOH solution 

 

         

Figure 5.21 LSV measurements of nickel alloy coated CPLA 3D-printed electrodes in    

1 mol KOH solution 
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5.3.2.1 Nickel Copper  

Electrodeposition for various compositions of copper is investigated to better understand 

the properties of the catalyst. Figure 5.22 illustrates the CV measurements of three different 

copper depositions on nickel in 1 mol KOH electrolyte solution. All three electrodes have 

the same amount of deposition of nickel, only the amount of copper coating is increased 

with each electrode. Ni-Cu2x has two times the copper coating compared to Ni-Cu1x, and 

Ni-Cu3x as approximately three times the coating. The electrodes Ni-Cu1x, and Ni-Cu2x 

are coated at the same electrodeposition parameters, only the time for Ni-Cu2x is doubled. 

For Ni-Cu3x, the current at which the electrodeposition took place is reduced, and the 

coating time is increased. It can be observed that the current density of Ni-Cu3x (with three 

times more copper than Ni-Cu1x) is comparably higher. The relation of Ni-Cu1x, and Ni-

Cu2x to each other, Ni-Cu2x has a slightly higher current for the same potential. The 

current densities are lower for lower voltages and similar for all three coating amounts. For 

the results, a longer copper deposition time to achieve more copper on the electrode surface 

can seen to be beneficial. 

 
Figure 5.22 CV measurements of nickel-copper coated CPLA 3D-printed electrodes for 

different copper depositions in 1 mol KOH solution 
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The LSV measurements for the three different copper deposition amounts with nickel in   

1 mol KOH solution are presented in Figure 5.23. Copper is plated on the CPLA 3D-printed 

electrodes for comparison with the nickel-copper alloy electrode. Both electrodes have the 

same amount of copper deposition. One notable difference between the Ni-Cu and Cu 

electrodes is the strength of the electrode. The nickel-copper electrode is much stronger, 

whereas the copper coating easily started to brake from the electrode surface.  

 
Figure 5.23 LSV measurements of nickel-copper coated CPLA 3D-printed electrodes for 

different copper depositions in 1 mol KOH solution 

Figure 5.24 shows the LSV measurements for both the nickel-copper electrode and the 

copper electrode. The relation of the two electrodes is similar, at higher potentials the 

current densities are approximately the same. For potentials between 0.9 V and 2.1 V, the 

copper electrode has higher current densities at the same potential compared to the       

nickel-copper electrode. Higher copper depositions of the coating amount can significantly 

improve the current response of the electrodes. This is observed from the three different 

depositions amounts considered for the nickel-copper alloy. 
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Figure 5.24 LSV measurements of nickel-copper coated vs copper-coated CPLA        

3D-printed electrodes in 1 mol KOH solution 

 

5.3.2.2 Nickel Molybdenum 

Nickel with molybdenum is also coated on the CPLA 3D-printed electrodes. Two different 

compositions of molybdenum are considered. Ni-Mo1x has a molybdenum coating of 

0.0728 g/cm2 and Mi-Mo1 has a coating of 0.145 g/cm2 which is two times of Ni-Mo1x. 

Figure 5.25 shows the CV measurements of the two nickel-molybdenum coated CPLA   

3D-printed electrode samples. It can be seen from the figure that Ni-Mo2x has much higher 

current densities at the same potential compared to Ni-Mo1x. The forward and backward 

response of both electrodes is relatively similar. The current density for Ni-Mo1x and       

Ni-Mo2x is roughly zero at the same potential. At -2.5V the current density for Ni-Mo1x 

can be seen to be 60 mA/ cm2. In comparison, Ni-Mo2x reaches a current density of             

60 mA/ cm2 at around -1.9 V. The overpotential for Ni-Mo2x is much lower than it is for 

Ni-Mo1x. Interestingly, for a potential between -0.9 V and -1.3 V the current densities for 

Ni-Mo1x is measured to be higher than Ni-Mo2x. The overpotential at the current densities 

between this potential range would be slightly higher for Ni-Mo2x than Ni-Mo1x.  
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Figure 5.25 CV measurements of nickel-molybdenum coated CPLA 3D-printed 

electrodes for different molybdenum depositions in 1 mol KOH solution 

 

Figure 5.26 presents the LSV measurements of the two nickel-molybdenum coated CPLA 

3D-printed electrodes for two different deposition amounts of molybdenum. The 

measurements are relatively similar to the forward current response of the CV 

measurements. Similar current densities can be seen at the same potential for the Ni-Mo1x 

and Ni-Mo2x coated electrodes.  

Figure 5.27 shows the LSV measurenments of nickel-molybdenum sample with nickel 

coated first, and the nickel-molybdeum with both metals deposited together. The         

nickel-molybdenum (Ni-Mo) coated samples involve first coating the CPLA 3D-printed 

electrodes with nickel. Then the electrodes are coated with molybdenum for different 

compositions. In addition, Ni-Mo is also co-deposited on a CPLA 3D-printed electrode for 

comparison. An electrolyte bath consisting of both nickel sulfate (source of nickel ions) 

and ammonium molybdate (source of molybdenum ions) is used to coated both nickel and 

molybdenum at the same time.  
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Figure 5.26 LSV measurements of nickel-molybdenum coated CPLA 3D-printed 

electrodes for different molybdenum depositions in 1 mol KOH solution 

 

       
Figure 5.27 LSV measurements of nickel-molybdenum coated vs nickel-molybdenum 

co-deposited CPLA 3D-printed electrode in 1 mol KOH solution 
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For Ni-Mo samples represented in Figure 5.27, both have a coating of molybdenum of 

0.145 g/cm2. It can be noticed from the figure that the current response of both the samples 

is relatively similar. At a potential of -2.5V, the nickel-molybdenum sample co-deposited 

has a slightly lower current density. In general, coating the electrode with nickel first, or 

co-depositing the two metals together did not show to make a huge difference in the current 

response. Although, coating the electrode with nickel first then the catalyst might be 

beneficial in some scenarios, such as reducing the input voltage required by the power 

supply. Due to the high resistance of the CPLA 3D-printed electrode, more power is 

required to coat the electrode. However, when the electrode is coated with nickel first, the 

second coat (molybdenum) does not require much more since the resistance of the electrode 

is significantly reduced by the nickel coating.  

5.3.3 Impudence Measurements  

The coated CPLA 3D-printed electrodes are tested using electrochemical impedance 

spectroscopy (EIS). The EIS measurements of the different samples are measured in 1 mol 

KOH in 400 ml distilled water solution. Figure 5.28 shows the bode plot representing 

impedance magnitude of the coated electrodes over frequency. The samples have a stable 

behaviour and tend to decrease from a frequency range of 0.1 Hz to 10 kHz. Major changes 

in the magnitude from 0.1 Hz to 10kHz are observed for the nickel coated CPLA                

3D-printed electrode. The nickel coated electrode also has the highest impudence 

magnitude compared to the nickel alloy samples. The nickel-molybdenum coated electrode 

has the lowest impudence compared to all samples shown. In terms of the nickel alloy 

coated electrodes, nickel-iron sample has the highest impudence at low frequencies. At 

larger frequencies, all nickel alloy coated electrodes have approximately the same 

impudence. 

Figure 5.29 shows the bode plot with the phase angle for the coated CPLA 3D-printed 

electrodes. A smooth transition is obserbed over a range of frequenises for the nickel coated 

and the nickel-iron coated CPLA printed electrodes. The nickel-molybdenum sample has 

the highest phase angle compared to the other samples, whereas the the nickel coated 

electrode has the lowest phase angle. The negative phase angle are proportional to their 
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repsective impudence magnitude. The samples that have a lower impudence magnitude, 

have a peak at a higher phase angle and vise versa.  

 
Figure 5.28 Bode plot for impudence magnitude for CPLA 3D-printed coated electrodes 

 

   
Figure 5.29 Bode plot for phase angle for CPLA 3D-printed coated electrodes 
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The Nyquist plot for the coated CPLA 3D-printed electrodes is shown in Figure 5.30. The 

plot shows the negative imaginary part of the impudence over the real part of the 

impudence. The nickel coated CPLA electrode has a significantly higher imaginary 

impudence compared to the nickel alloys. Nickel-molybdenum coated sample has the 

lowest impudence. In respect to the nickel alloy coated electrodes, the results show that the 

nickel-iron coated sample has the highest imaginary impudence over the real part. In 

general, the negative imaginary impudence tends to increase with an increase in the real.  

 
Figure 5.30 Nyquist plot for CPLA 3D-printed coated electrodes 

5.3.4 Overpotential Results   

The LSV measurements used to determine the overpotential of the coated CPLA                

3D-printed electrodes are shown in Figure 5.31. The overpotentials calculated using the 

LSV measurements of the coated CPLA 3D-printed electrodes are illustrated in Figure 

5.32. At a current density of 10 mA/cm2 nickel-iron coated and nickel-copper have 

approximately the same overpotential, 270 mV, and 275 mV respectively. Nickel has the 

highest overpotential compared to all other samples considered. Nickel-molybdenum has 

a high overpotential at 10 mA/cm2 compared to nickel-copper. However, at 20 mA/cm2 
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both nickel-copper, and nickel-molybdenum samples respectively have the same 

overpotential of 492 mV, and 499 mV respectively. 

    
Figure 5.31 LSV measurements of coated CPLA 3D-printed electrodes for overpotential  

 

 
Figure 5.32 Overpotentials for CPLA 3D-printed coated electrodes 
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5.4 Flow Through Coated Electrodes  

The flow through (D2) electrode design considered is 3D-printed with the conductive PLA 

and then coated following the same coating processes as the other electrodes using 

electrodeposition. The flow-through electrodes are coated with nickel, nickel-copper, and 

nickel-iron. Nickel is coated first on the electrodes, then the electrode is coated with wither 

copper (for Ni-Cu) or nickel-iron co-deposition (for Ni-Fe). The D2 electrodes are tested 

using a similar electrochemistry system as the other electrodes. This section presents the 

electrochemical results gathered for the flow through electrodes.  Results related to current 

density, impudence and overpotentials are discussed.  

5.4.1 Current Density Measurements  

The Cyclic Voltammetry (CV) measurements are taken for the coated CPLA 3D-printed 

flow through electrodes as well the uncoated electrode. Figure 5.33 shows CV 

measurements of the coated electrodes and the uncoated in 1 mol KOH solution. The 

uncoated electrode has a very current density, almost close to zero. This is due to the high 

resistance of the uncoated conductive PLA 3D-printed electrode. The nickel-copper coated 

flow through samples has the highest current density among the coated electrodes, and 

nickel has the lowest. The amount of coating on the nickel sample is 0.133 g/cm2, for 

nickel-copper is 0.0891 g/cm2 Ni, 0.0846 g/cm2 and for the nickel-iron coating the coating 

is 0.178 g/cm2 Ni, 0.0851 g/cm2 Fe.  

It is important to consider that some CV and LSV measurements of the electrodes show 

that the current density at potential is greater than zero. Due to certain impurities in the 

electrodes, there tends to be a current response at a potential of zero. The reference 

electrode can also be a factor. Under inadequate conditions with the reference electrodes, 

there can be an effect on the observed potential. Another potential cause is aging and 

possibly adhesion between layers is weak. This causes the coated metal layers on electrodes 

to come apart with time.  
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Figure 5.33 CV measurements of flow through coated electrodes and the uncoated 

electrode in 1 mol KOH solution 

5.4.2 Impudence Measurements  

Figure 5.34 shows the impudence magnetic for flow-through coated electrodes over a range 

of 0.1 Hz to 10 kHz frequency. The measurements for impedance are performed in 1 mol 

KOH solution using electrochemical impedance spectroscopy (EIS) measurements for 

nickel-copper coated and nickel-iron coated flow through samples. The nickel-iron coated 

electrode has a higher impudence at lower frequencies, but at higher frequencies the 

impudence is lower than the nickel-copper coated electrode. The impudence decreases with 

increase in frequency. 

 Figure 5.35 presents the bode plot with the phase angle for the coated flow through CPLA 

3D-printed electrodes. The nickel-copper coated and nickel-iron coated flow through 

electrodes both have a  smooth transition over the range of frequenises. Both electrodes 

have a phase angle peak at roughly the same phase angle. The amplitude of the nickel-iron 

electrode is bigger. 
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Figure 5.34 Bode plot for impudence magnitude for flow through (D2) coated electrodes 

 

 

Figure 5.35 Bode plot for phase angle for flow through (D2) coated electrodes 
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Figure 5.6 shows the Nyquist plot of the nickel-copper coated and nickel-iron coated flow 

throug electrodes. The nickel-iron coated electrode has a much higher impudence 

compared to nickel-copper. The impudence of both electrodes is similar to the one obtained 

for the coated CPLA 3D-printed and NCP 3D-printed electrodes of the same metals. The 

deisgn of the electrode doesn’t have an effect on the impudence, rather its related to the 

properties of the metal themselves.  

 

Figure 5.36 Nyquist plot for flow through (D2) coated electrodes 

5.4.3 Overpotential Results  

The LSV measurements of the coated CPLA 3D-printed flow through electrodes is shown 

in Figure 5.7. These measurements are used to calculate the overpotentials of the         

nickel-copper coated and the nickel-iron coated flow-through electrodes. The nickel coated 

electrode has a much lower current densities at the same potential compared to               

nickel-copper coated, and nickel-iron coated electrode. Similar to the coated CPLA          

3D-printed electrodes, nickel would have the highest overpotential compared to Ni-Cu 

coated and Ni-Fe coated electrodes. that the nickel-iron coated electrode has a lower 

overpotential than nickel-copper coated flow through electrodes.  
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Figure 5.37 LSV measurements of flow through coated electrodes in 1 mol KOH 

solution 

Figure 5.38 shows the overpotentials of the coated nickel-copper and nickel-iron flow 

through electrodes for three different current densities. It can be observed other coated 

electrodes in the thesis where Ni-Fe coated electrodes have the lowest overpotential. In 

comparison to the initial design coated CPLA 3D-printed electrodes, the overpotentials are 

much higher. Overpotentials are directly related to the properties of the metal. The metal 

deposited on the flow-through electrodes is less which is a contributing factor for higher 

overpotentials that are observed. 

The overpotentials obtained are related to the impudence of the electrodes. Referring to the 

impudence measurements obtained, it can be observed that electrodes that have higher 

impudence tend to have higher overpotential. Due to the increased resistance, the electrode 

requires more energy to overcome the potential for reaching the same current. It should 

also be taken into consideration that these only account for the activation overpotential. In 

operation for hydrogen production, there may be an increase in overall overpotential due 

to an increase in ohmic overpotential. This would be a result of the resistance between the 

electrolyte and the electrode surface.  
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Figure 5.38 Overpotentials for flow through coated electrodes 

5.5 Comparative with Related Literature Studies  

The performance of the coated 3D-printed electrodes is compared with recent literature 

studies. Additive manufacturing has been investigated for electrochemistry for a wide 

range of applications, however only a few researchers have looked at 3D-printed electrodes 

for hydrogen evolution reaction using the methods in this thesis. Huner et al. [45] were 

among one of the few who 3D-printed electrodes using conductive PLA and then used 

electrodeposition as a coating technique. Figure 5.39 shows the current densities of the 

nickel-copper electrode coated in their study and the Ni-Cu1x from this thesis project. 

There were three nickel-copper electrodes considered in their study, and each have a 

different amount of the copper coating. These were composed of 0.0390 g/cm2, 0.0404 

g/cm2, and 0.0420 g/cm2. The Ni-Cu1x electrode studied in the thesis have a coating of 

0.0423 g/cm2 which is the least amount of copper composition deposited from the three 

sampled studied in the thesis (Ni-Cu1x, Ni-Cu2x, and Ni-Cu3x). The electrode with the 

copper coating of 0.0420 g/cm2 from Huner et al. study is compared with the Ni-Cu1x, 

which has approximately the same amount of copper deposited. At -1.2V, both electrodes 

have roughly the same current density of -20 mA/cm2.  
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Figure 5.39 A comparison of current density obtained for the nickel-copper coated 

electrodes from this study with Huner et al. [45] study 

The conditions at which electrodes from both studies are prepared were similar, they both 

are performed at room temperature using the same chemical compositions of the electrolyte 

bath. The exact current and time for the copper coating is not provided, but the full 

electrodeposition process is performed for 4h. For the Ni-Cu1x sample in the present study, 

the copper coating is only coated for 1h at a current of 0.7A. It is possible, the electrodes 

in Huner et al. study was likely coated for a longer duration than Ni-Cu1x at a lower current. 

It should also be noted that the geometry of the electrode in this study is different from 

Huner et al. study.  

Further, the nickel-iron coated CPLA 3D-printed electrode from this study is compared 

with Han et al. [48] nickel-iron electrode produced using direct photo-curing. Figure 5.40 

shows a comparison of overpotential obtained for the nickel-iron coated electrode in the 

present study with Han et al. [48] study. The direct comparison between the electrodes is 

the two different approaches used. It is evident that the overpotential of the electrode in 

their study is lower, and this is possibly due to the technique they used. 
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Figure 5.40 A comparison of overpotential obtained for the nickel-iron coated electrodes 

from this study with Han et al. [48] 

Photo-curing is more accurate in terms of accuracy, but much more complex and requires 

more steps. For the nickel-iron electrode from this study, nickel-iron alloy coating using 

electrodeposition is found difficult because of the corrosive properties of iron. A larger 

deposition of the nickel coating is required in order to prevent iron from corroding after 

electrodeposition. This can be a possible factor for the higher overpotential obtained. 

Another factor which could contribute to lower potential for Han et al. study is more metal 

deposition. As seen from the results earlier, the current densities are higher for more metal 

depositions, and tend to have lower overpotentials.  

5.6 Electrolysis Cathodic Testing Results for Hydrogen Potential 

The different types of coated 3D-printed electrodes are tested as the cathode in an 

electrolysis testing cell for hydrogen production. The HQ-8 hydrogen sensor with Arduino 

is used to measure the amount of hydrogen produced. Due to the sensitivity of the sensor 

measurements are only recorded at the end of each run time. The power supply is turned 

off, and the final reading is only recoded at the end of each run when the readings stabilized. 

This is due to the delay between the time the hydrogen is produced until it reaches the 

sensor, therefore the hydrogen needs to be accumulated in the hydrogen storage cylinder 
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until a stable reading is obtained by the sensor. All readings are recorded in ppm and then 

converted to mg/m3 using the conversion formula given by equation 5.1 [77]. 

𝑚𝑔

𝑚3 = 𝑝𝑝𝑚 ×
𝑀

22.4
×

273

(273+𝑇)
×

𝑃

1013
                   (5.1) 

where M is the molar weight of the substance (hydrogen), T is the temperature in Kelvins 

and P is the pressure in hPa. 

The amount of hydrogen produced during the duration of the operation is calculated using 

the mg/m3 calculated and multiplying by the area of the hydrogen storage container 

(0.00532 m3) where the hydrogen reading is measured. The amount of hydrogen produced 

is then used to calculate the rate of hydrogen production assuming a constant rate of 

hydrogen during the period of time the coated 3D-printed cathode is supplied power for. 

To determine the changes in the hydrogen mass flow rate, some electrodes are tested for 

different run times to determine if the mass flow rate remained constant with time or 

changed. Due to the high error and sensitivity of the hydrogen sensor, each experiment is 

performed three times and the average value is taken and used for the results. All hydrogen 

testing experiments are conducted using a 316 stainless steel industrially prepared anode 

roughly the same size as the coated 3D-printed cathodes prepared in the study. The energy 

and exergy efficiencies of the electrolysis cell are also calculated based on the 

thermodynamic and hydrogen efficiency analysis discussed in section 4 of the thesis. This 

section presents and discusses the results for hydrogen mass flow and efficiencies of each 

tested cathode obtained from hydrogen production testing.  

5.6.1 Hydrogen Production Rates 

This section presents the results obtained for hydrogen production rates for the different 

coated 3D-printed cathodes tested for different testing times. The hydrogen mass flow rates 

obtained are based on the measured hydrogen produced at each testing time. All tests are 

performed for three times to minimize random error, and an average of the three runs is 

taken. First the electrodes are tested for only 15 minutes to determine the hydrogen mass 

flow rate at the start. The nickel-copper and nickel-iron coated electrodes are tested for 30 

minutes. These electrodes are selected for additional testing based on their performance 

and strength, as well as their stability during coating using electrodepisition which made 
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them suitable candidate for cathodes for hydrogen production. The nickel-copper 

electrodes are found to be the most suitable for electroplating. In addition, the electrodes 

have good current response and resonable overpotentials based on the electrochemical 

testing performed. Hence, the nickel-copper coated electrodes are also tested for 1 hour to 

further evaluate their performance.  

Figure 5.41 shows the average (from the three runs) hydrogen mass flow rates for the 

coated NCP 3D-printed electrodes in the first 15 minutes of the cathode testing. For the 

coated NCP 3D-printed electrodes, it can be observed that the nickel-copper coated 

electrodes have the highest mass flow rates. The nickel coated electrodes have the lowest 

mass flow rate. 

 

Figure 5.41 Average hydrogen mass flow rate for coated NCP 3D-printed electrodes for 

a run time of 15 minutes 

 

Figure 5.42 shows the average mass flows from the three trials run for 15 minutes each for 

the coated CPLA 3D-printed electrodes. In comparison, for the coated CPLA coated 

electrodes, the nickel-molybedenum has the highest hydrogen production rate. The nickel 

coated CPLA electrodes have the lowest rate from all the tested cathodes. In terms of the 

durability, the coated CPLA 3D-printed electrodes are the best for hydrogen production 
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due to their strength. For the coated NCP 3D-printed electrodes, due to the painted surface 

the electrodes are too brittle. After a few hydrogen tests the electrodes would break apart. 

 
Figure 5.42 Average hydrogen mass flow rate for coated CPLA 3D-printed electrodes for 

a run time of 15 minutes 

Figure 5.43 shows the average hydrogen mass flow measured for the three runs for the first 

15 minutes of operation for the flow through electrodes. Only the nickel-copper coated and 

nickel-iron coated flow through electrodes are tested for hydrogen potential. The 

performance of the flow through electrodes is compared with the solid (initial design) 

coated CPLA 3D-printed electrodes.  

It can be observed that the mass flow rate of the flow through electrodes is higher compared 

to the solid plate design electrode. The main reason for is that the flow through electrodes 

improve mass transport by prompting movement of the gasses produced (hydrogen) and 

the electrolyte. The faster evacuation of the gasses allows more electrolyte to interact with 

the electrode increasing the rate of hydrogen produced. It is important to note, the amount 

of the nickel-copper and nickel-iron coating on the flow through electrodes is less than of 

the initial electrode design. 
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Figure 5.43 Average hydrogen mass flow rate for coated CPLA 3D-printed electrodes for 

flow through electrodes versus initial design for a run time of 15 minutes 

 

The significance of the amount of metal coating related to hydrogen production will need 

to be investigated to determine if there is a difference. Regardless, the electrode 

performance is increased with the metal coating amount as seen with the studies from 

electrochemical testing of the thesis. Even though the initially designed electrodes have 

more amounts of the same metal, the flow through electrodes still perform better in 

comparison due to their porous design.  

5.6.2 Hydrogen Rates for Extended Testing Run Time  

The nickel-copper and the nickel-iron coated electrodes are tested again for extended 

hydrogen measurement times of 30 minutes three times. The results are averaged to 

determine the hydrogen mass flow rates. Figure 5.44 shows the flow rate of the              

nickel-copper and the nickel-iron coated NCP 3D-printed electrodes. The figure compares 

the mass flow rates measured for the 15-minute test versus the 30-minute test. For both 

coated electrodes the mass flow rate decreases within the first 30 minutes.  



98 

 

 
Figure 5.44 Average hydrogen mass flow rate for Ni-Cu and Ni-Fe coated NCP            

3D-printed electrodes for a run time of 15 minutes versus 30 minutes 

 

Figure 5.45 shows the average mass flow rates of the nickel-copper and the nickel-iron 

coated CPLA 3D-printed electrodes. Like the coated NCP 3D-printed electrodes, the 

hydrogen mass flow rates are also observed for a 15-minute hydrogen test and a 30-minute 

hydrogen test. Again, the hydrogen mass flow rate for the 30-minute significantly 

decreases. During the start of the electrodes the reaction is activated, and the electrodes are 

more efficient. With operation, the current in the circuit decreases due to many reasons 

such as the interaction between the electrolyte and the gasses produce which increase the 

ohmic potential due to increase in resistance. In this case, more voltage would be required 

to maintain the initial hydrogen mass flow. Since the supplied DC voltage is kept the same, 

ultimately the rate of hydrogen produced decreases. It is also observed that the current 

supplied is higher at the start of the experiments, by the end of each timed measurement, 

the current at the same voltage (2.5 V) significantly decreases.  
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Figure 5.45 Average hydrogen mass flow rate for Ni-Cu and Ni-Fe coated CPLA        

3D-printed electrodes for a run time of 15 minutes versus 30 minutes 

To further evaluated the performance of the coated electrodes, the nickel-copper samples 

are tested for 1 hour three times to obtain average results. From the results of the 

experiments conducted at the three times (15 min, 30 min, and 1 h) a relation between the 

hydrogen mass flow rate and the operation time is developed. The tests are performed for 

the nickel-copper coated flow through and the initial design coated CPLA 3D-printed 

electrodes. Figure 5.46 compares the performance of the nickel-copper coated flow through 

and the solid coated CPLA 3D-printed electrodes for 1 hour. It can be seen that the mass 

flow rate is very high in the first 15 minutes, past which the flow rate decreases until it is 

stabilized. It can be observed that the flow-through electrode has a higher flow rate at the 

start compared to the initial design. With time the mass flow rate of the two electrodes is 

relatively similar.  

The performance of the coated electrodes needs to be further investigated to understand the 

behaviour of the coated 3D-printed electrodes. Due to these variations, hydrogen testing is 

found to be crucial to understand the activity of coated 3D-printed electrodes. CV and LSV 

measurements are good for understanding the current response of the electrodes. However, 
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the measurements do not account for the variation in current operation time, the current 

response is only given at the different potentials.  

 
Figure 5.46 Average hydrogen mass flow rate for Ni-Cu coated CPLA 3D-printed flow 

through (D2) and solid (initial design) electrodes relation with operation time 

 

5.6.3 Energy and Exergy Efficiency Results  

The energy and exergy efficiencies of the cathodic electrodes are calculated based on the 

hydrogen mass flow rates obtained and the energy input into the electrolysis testing cell. 

The calculations are made based on the energy and exergy analysis presented in section 4 

of the thesis. The voltage supplied for each experiment is 2.5 V. The total energy input into 

the electrolysis testing cell varied for each testing cathode depending on the resistance. The 

actual current which is supplied at this potential is measured when it stabilized. The current 

at start is generally higher, eventually the current stabilized, which is recorded and used to 

calculate the energy input into the electrolysis testing cell. The efficiencies are calculated 

based on the 15 minutes operation time, the rate of hydrogen produced is the highest for 

these experiments. Regardless of the declination in the mass flow rate after the first 15 

mins, very slight or no changes are observed in the efficiency for extended testing times. 
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As the mass flow rate decreased the current supplied is reduced therefore reducing the 

energy input into the electrolysis. 

 Figure 5.47 shows the energy and exergy efficiencies of the coated NCP 3D-printed 

electrodes. The specific exergy of hydrogen is lower than its lower heating value, therefore 

the exergy efficicency obtained is lower than the energy efficiency. Refering to Figure 5.47 

it can be observed that the energy and exergy efficiency of the nickel-molybdenum            

(Ni-Mo) electrodes is the highest compared to the other coated NCP 3D-printed electrodes. 

The Ni-Mo coated NCP 3D-printed electrode have the higest rate of hydrogen produced. 

In addition, the Ni-Mo coated electrode have the lowest amount of energy input.  

 
Figure 5.47 Energy and exergy efficiencies for coated NCP 3D-printed electrodes 

Figure 5.48 shows the current densities of the coated NCP 3D-printed electrodes measured 

by the potentiate and based on the actual current recorded during hydrogen testing. It can 

be seen from Figure 5.48 that the acutal recorded current density at 2.5 V is the lowest 

compared to the other samples. Refering back to the overpotentials of the coated NCP     

3D-printed electrodes, the Ni-Mo coated electrode have the lowest overpotential. This is 

one of the main reasons a high energy efficiency is obtained for the Ni-Mo coated              
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3D-printed electrode. The other coated electrodes have relatively similar efficiencies. 

Interestingly, the Ni coated NCP 3D-printed electrode has a slightly higher eifficiency 

compared to the Ni-Cu and Ni-Fe coated electrodes. Sample J from the nickel coated NCP 

3D-printed electrodes is tested for hydrogen production. This sample has the highest 

current density and lowest overpotential at high current denisites compared to other nickel 

coated samples. 

 

Figure 5.48 Current densities at 2.5V for coated NCP 3D-printed electrodes measured by 

potentiostat versus actual during hydrogen production 

Figure 5.49 shows the energy and exergy efficiecies of the coated CPLA 3D-printed 

electrodes. For the coated CPLA 3D-printed electrodes, the efficiecies obtained can be seen 

to be higher compared to the coated NCP 3D-printed electrodes. Figure 5.50 shows the 

actual current density recorded during hydrogen production and the measured current 

density with the potentiostatOne main contribution to this is the lower current at the same 

potential as seen in Figure 5.50. From the coated CPLA 3D-printed electrodes, the nickel 

and nickel-molydenum coated electrodes have the highest efficiencies. 
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Figure 5.49 Energy and exergy efficiencies for coated CPLA 3D-printed electrodes 

 

      
Figure 5.50 Current densities at 2.5V for coated CPLA 3D-printed electrodes measured 

by potentiostat versus actual during hydrogen production 
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Figure 5.51 shows the energy and exergy efficicies of the coated flow through CPLA       

3D-printed electrodes. The efficiency of the nickel-copper coated flow-through electrode 

is slightly higher compared to the nickel-iron coated electrode. One main reason for this is 

the increase in mass flow rate for the flow-through electrodes as seen earlier. In addition, 

the energy at the mass flow rate is reduced due to the decrease in current supplied at the 

same voltage. There is an increase in mass transport as a result of the porous design in the 

flow-through electrodes. This reduces the losses due to ohmic overpotential that occur 

between the electrolyte and the electrode. Therefore, increasing the efficiencies of the 

electrolysis. 

 
Figure 5.51 Energy and exergy efficiencies for coated flow through electrodes 

 

The energy efficiencies of the flow-though and conventional (the originally designed) 

electrode are directly compared in Figure 5.52. It can be seen the efficiencies of the coated 

flow through electrodes is much higher than the initial design coated CPLA 3D-printed 

electrodes. The efficiencies of the flow-through electrodes for the same coating metal are 

approximately 74% higher. The higher efficiency is directly a result of faster mass transport 

and higher hydrogen production rate for the flow-through design. In addition, the flow 

through electrodes required less energy for the hydrogen produced compared to the initially 
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designed electrodes. The presented study shows that the flow through design have higher 

hydrogen production rates and much higher efficiencies compared to conventional 

electrode designs. 

 
Figure 5.52 Energy efficiencies for Ni-Cu and Ni-Fe coated CPLA 3D-printed flow 

through (D2) versus solid (initial design) electrodes 

One additional factor to also consider is the surface area of the electrodes. Electrodes with 

larger surface areas would be able to tolerate larger currents which would hence lead to 

larger hydrogen production. Even though in this study, the flow-through and the initially 

designed electrodes have different surface areas, these results are only based on the 

geometry on the electrodes. In this case, the flow-through electrodes have smaller surface 

areas due to the geometry. Further studies with the same surface areas need to be considered 

to evaluate the effect of surface area on the hydrogen production for the two designs.  
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6. CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

In the thesis presented, 3D-printed electrodes were coated using electrodeposition for 

hydrogen production. Nickel was considered as the main coating metal for the electrodes. 

Additionally, various other catalysts were coated along with nickel to evaluate their 

performance for hydrogen evolution reaction. The coated electrodes were evaluated for 

current density, overpotential, impudence, hydrogen production rate, energy efficiency and 

exergy efficiency.  

6.1 Conclusions  

There is an urgent need for clean energy fuels for replacing fossil fuels. The rapid increase 

in usage of fossil fuels has led to a critical state of environmental conditions. The impact 

of carbon dioxide emissions released from the usage of fossil fuel is evident in the changes 

in climate encountered today. Changes in climate are noticeable all around the globe is 

continuously impacting the environment and life on earth. Hydrogen is an emerging clean 

fuel for replacement of fossil fuels. Zero emissions are released when hydrogen is used as 

a fuel. Some concerns with hydrogen production are that it’s expensive to produce and hard 

to store. Electrolysis is a common device used for hydrogen production, more commonly 

for green hydrogen production. Better solutions are needed to reduce hydrogen production 

cost, increase the feasibility, and to make hydrogen production more easily accessible.  

This thesis presents a novel approach for preparing the electrodes used in an electrolysis 

for hydrogen production. Electrolysis is one of the most efficient means of producing 

hydrogen. Electrodes, the anode, and the cathode play a crucial role in hydrogen 

production. Electricity is supplied from the anode to the cathode where a reaction occurs 

for splitting water. As a result, hydrogen and oxygen is produced due to the hydrogen 

evolution reaction (at the cathode) and the oxygen evolution reaction (at the anode) that 

occur in the electrolysis. In this thesis, a water memberless alkaline electrolysis is 

considered, and the performance of the cathodes (coated 3D-printed electrodes) is 

evaluated in a 1 mol potassium hydroxide (KOH) added to the water supplied. There were 

two main methods considered for coating the 3D-printed electrodes using electrodeposition 

as the coating technique. For the first method, the electrodes were 3D-printed using normal 
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PLA (non-conductive). Two different types of nickel conductive paints were used to first 

coat the 3D-printed electrodes. This was because, electrodeposition requires the coating 

material to be conductive for electroplating to occur. The second method considered was 

to 3D print the electrodes using conductive PLA which allowed to directly coat the 

electrodes using electrodeposition. The performance of both approaches was evaluated. 

The second method with the conductive PLA approach was found to be more efficient due 

to various reasons. The approach reduced the number of steps and the time required to 

prepare the coated 3D-printed electrodes. In addition, using the conductive PLA allowed 

for more flexibility with the electrode design. More complex electrode designs can be 

coated with the conductive PLA. Printing complex shapes with the normal PLA and then 

coating them with the conductive paint would be more difficult. The paint is dense and 

would be very difficult to apply on complex shapes. A unique electrode design was 

considered for further study. The developed design is a flow-through electrode which 

promotes mass transport to increase the rate of hydrogen produced. The flow through 

electrode is printed with the conductive PLA and then coated using similar 

electrodeposition approaches. In general, the efficiencies of the coated 3D-printed was low 

for commercial applications. However, this technology can be beneficial as a design space 

which can help improve the efficiencies and performance of conventional electrode 

designs.  The results of all coated 3D-printed electrodes prepared were obtained. The major 

findings from the thesis are presented as follows:  

• Using the conductive paint approach was found to be more efficient. Whereas 

coatings on the conductive PLA 3D-printed electrodes was a more reliable 

approach for preparing the electrodes. The coatings on the conductive PLA were 

consistent throughout the surface compared to the ones on the conductive paint. 

• The nickel coated electrodes had higher overpotentials compared to the nickel-

copper, nickel-iron, and nickel-molybdenum coated electrodes. The overpotentials 

of Ni, Ni-Cu, Ni-Fe, and Ni-Mo coated on conductive PLA electrodes at a current 

density of 10 mA/cm2 were found to be 540 mV, 275 mV, 270 mV, and 334 mV. 

• Nickel-copper coatings were found to be the least challenging when electroplating 

and the most durable under testing and in electrolysis conditions. 
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• A nickel coated electrode four time the metal coating (0.178 g/cm2) of another 

nickel coated electrode (0.044 g/cm2) had a current density of -106 mA/cm2 versus 

-44 mA/cm2 at a potential of -2.5V.  

• The nickel-copper electrode with three times more copper coating (0.144 g/cm2) 

had a current density of -88 mA/cm2 versus -45 mA/cm2.  

• The nickel-molybdenum electrode with two times more of the Mo coating (0.145 

g/cm2) had a current density of -92 mA/cm2 versus -60 mA/cm2. 

• The flow through electrode design was found to be the better design as the hydrogen 

production rate was increased. In addition, the energy efficiency of the flow through 

electrode was ~70% higher compared to the traditional coated solid electrode 

design coated with the same metals. 

• The energy efficiencies of the nickel-copper coated flow-through electrode and the 

originally designed electrodes were 5.45% and 1.94% respectively.  

• The energy efficiencies of flow through and the initial designed nickel-iron coated 

electrodes was found to be 5.10% and 2.02% respectively.  

6.2 Recommendations 

Various areas in the study are identified for opportunities to expand on the research work. 

These group of recommendations are presented as follows:  

• The current response and overpotentials for higher electrodeposition amounts 

showed promising results, electrodes with different deposition amounts of the same 

metal should be tested to better understand the behaviour of electrodes for hydrogen 

production. 

• Different methods for controlling bath conditions should be considered to avoid the 

bath becoming acidic, which becomes critical in coating the conductive PLA.  

Possibly using different chemical compositions can be investigated.  

• Other additive technologies should be considered for directly 3D printing the 

electrodes with metal deposits instead of coating the electrodes with metals.  

• The sensor used to measure hydrogen concentration was very sensitive with high 

uncertainty. A method for measuring the instantaneous hydrogen production rate 
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should be implemented to be able to test for extended operation times. Using a flow 

meter for hydrogen production rate can be considered for future work.  

• More studies should be investigated with the flow-through design. A modified 

version of the designs, with more holes and bigger openings should be considered 

and tested for hydrogen production. The flow through electrodes should also be 

coated with other metals and catalysts and tested for hydrogen production.  

• Further studies should consider focusing on the design aspect and possibilities of 

the electrodes. 

• A scaled-up version of the electrodes and a zero-gap multi electrode stalk cell can 

be considered for future work.  
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